









Journal of 
Research 


of the 


National Bureau of Standards 





ERSitTt 
UN INICHIGAN 


OCT 22 1956 


YSICS 
RTDRARY 


VOLUME 57 f{ 




























“jus oe 


; NATIONAL BUREAU OF STANDARDS 








SEPTEMBER + 1956 
VOLUME.57 
NUMBER . 3 


| OF COMMERCE 
Sinclair Weeks; Secretary 


V. Astin, Director 





. 
J 


JOURNAL OF RESEARCH | 


of the 
NATIONAL BUREAU OF STANDARDS 





caticamaniinn 


PERIODICALS OF THE NATIONAL BUREAU OF STANDARDS 
(Published monthly) 


The National Bureau of Standards is engaged in fundamental and applied research in physics, chemistry,, _ 
mathematics, and engineering. Projects are conducted in fifteen fields: electricity and electronics, optics 
and metrology, heat and power, atomic and radiation physics, chemistry, mechanics, organic and fibrous 
materials, metallurgy, mineral products, building technology, applied mathematics, data processing systems, 
engineering, radio propagation, and radio standards. The Bureau has custody of the national| — 
standards of measurement and conducts research leading to the improvement of scientific and engineering 
standards and of techniques and methods of measurement. Testing methods and instruments are developed, 
physical constants and properties of materials are determined, and technical processes are investigated. 


JOURNAL OF RESEARCH 


The Journal presents research papers by authorities in the specialized fields of physics, mathematics, chem-| 
istry, and engineering. Complete details of the work are presented, including laboratory data, experimental | 
procedures, and theoretical and mathematical analyses. Annual subscription: domestic, $4.00; $1.25 addi-| | 


tional for foreign mailing. 
TECHNICAL NEWS BULLETIN 


Summaries of current research at the National Bureau of Standards are published each month in the Tech- 
nical News Bulletin. The articles are brief, with emphasis on the results of research, chosen on the basis | ~ 
of their scientifie or technologic importance. Lists of all Bureau publications during the preceding month | .. 
are given, including Research Papers, Handbooks, Applied Mathematics Series, Building Materials and 
Structures Reports, Miscellaneous Publications, and Circulars. Each issue contains 12 or more two-column 3 

pages; illustrated, Annual subscription: domestic, $1.00; 35 cents additional for foreign mailing. 


BASIC RADIO PROPAGATION PREDICTIONS 


The Predictions provide the information necessary for caleulating the best frequencies for communication | 
between any two points in the world at any time during the given month. The data are important to all 
users of long-range radio communications and navigation, including broadcasting, airline, steamship, and | 
wireless services, as well as to investigators of radio propagation and ionosphere. Each issue, covering §| . 
period of one month, is released three months in advance and contains 16 large pages, including pertinent 
charts, drawings, and tables. Annual subscription: domestic, $1.00; 25 cents additional for foreign mailing. 











Order all publications from the Superintendent of Documents 
U. 8. Government Printing Office, Washington 25, D. C. 


Use of funds for printing this publication approved by the Director of the Bureau of the Budget (May 14, 1956). 








Journal of Research of the National Bureau of Standa 


Vol. 57, No. 3, September 1956 Research Paper 270] 


Rechnloues in High-Resolution Coincidence Counting 


George H. Minton ' 


Circuitry, systems, 
millimicrosecond resolution are discussed. 


and techniques used in 
An analysis of the 


measurements with 
fluctuations in a scintilla- 


radiation coincidence 
time 


tion counting system is presented and comparisons with experimental results are made. 


1. Introduction 


The applications of coincidence systems to prob- 
lems in nuclear research are of two types. In one, 
the coincidence system is used im order to detect 
events that are coincident in time. In the other, it 
js applied to the measurement of the distribution in 
time of noncoincident events. The characteristics 
of some coincidence systems have been studied in 
order to determine their suitability for such applica- 
tions. The factors that have been considered are 
(1) the resolution obtainable with available radia- 
tion detectors, (2) the relationship between the reso- 
lution and the efficiency of the system, (3) the fae- 
tors that determine the response of the system to 
coincident events and to events separated in time by 
intervals of the order of magnitude of the resolving 
time or less. 

Although the ideal coincidence system will respond 
only to events that are exactly coincident, such 
response is not obtainable in practice. The events 
involved are signaled by the production in the de- 
tector of electrical pulses—often wide ly varying in 
amplitude and the resolution of the system is de- 
termined by the response of the detector and that of 
the circuit to which the signals are fed. Spurious 
response of such a system corresponds to the re- 
cording as coincidences of single pulses or of events 
that are more closely separated in time than its 
resolution. As the number of the latter events in 
any given time interval depends on the product of 
the counting rates in the individual detectors, the 
resolving time of the system often provides a limita- 
tion on the permissible counting rates. Failure of 
the system to respond to coincident events can be 
measured in terms of an efficiency factor that is less 
than or equal to 

In the measurement of the distribution in time 
of noncoincident events, the signal from one detector 
isdelaved before being fed into the coincidence cir- 
cuit, and the number of coincidences recorded is 
studied as a function of the length of the inserted 
delay time. These data furnish a response curve of 
the system for the events under study. If the rate 
of occurrence of events does not vary appreciably in 
atime of the order of the resolution of the system, 
the shape of the response curve of the system to 
coincident events is not critical. On the other hand, 
or studving more rapidly varving distributions it 
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is necessary to obtain a response curve of the sys- 
tem for coincident events. The resolution of the 
system is often defined as one-half the time as 
measured on the delay axis between points cor- 
responding to one-half the maximum counting rate 
of such a response curve. By proper analysis of 
this curve along with that for noncoincident events 

it is possible to measure time intervals to an order 
of magnitude smaller than the resolution of the 
system, as defined above, to an accuracy of the 
order of 10 percent. 


2. Detectors 


The only type of radiation detector presently 
available that is suitable for very fast coincidence 
work is the scintillation counter. Among the vari- 
ous phosphors available, there is a wide divergence 
among the values of the time constants for the emis- 
sion of light. In general, the organic phosphors emit 
their light in one-tenth to one one-hundredth the time 
of the inorganic materials, so that attention will be 
confined to the scintillation counter with organic 
phosphor. The measurements reported here were 
made, using RCA 5819 and 6199 photomultipliers 
with stilbene crystals solutions of terphenyl in 
toluene as scintillators. 


3. Coincidence Circuit 


The coincidence circuit receives the pulses from 
the detectors and provides an output pulse whenever 
the input pulses are in coincidence. The ideal co- 
incidence circuit never responds to single pulses, re- 
gardless of their amplitude, and never registers a co- 
incidence when the input pulses are separated by a 
time greater than their own duration. The circuit 
should have as low an input capacitance as possible 
in order to minimize any effect on the rise time of the 
input pulse. The requirement of low capacitance is 
most satisfactorily met by the use of a circuit con- 
structed from crystal diodes. Figure 1 is a schematic 
diagram of such a circuit—a modification of that of 
DeBenedetti and Richings [1] which has been used 
in this investigation. Study of the response of this 
circuit to pulses from a mercury-relay pulse generator 
and from scintillation counters has revealed that the 
response of the circuit is not a limiting factor in the 
operation of the coincidence systems using nuclear 
radiation detectors, so that an extensive comparison 


Figuresin brackets indicate the literature references at the end of this paper. 
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of available coimcidence circuits has not been made. 
On the basis of published information, however, it is 
believed that this circuit is at least as good as any 
other in use today. Figures 2 and 3 illustrate the 
response of this circuit to pulses from the mereury- 
relay pulse generator. In order to closely approxi- 
mate the shape of the pulse from a_ scintillation 
counter with liquid scintillator, pulses having a rise 
time characteristic of the mercury switch and an 
exponential decay of 2.5 myusece were used. It ts in- 
teresting to note that when the two input pulses are 
of different amplitudes the response of the circuit is 
nearly independent of the amplitude of the larger 
pulse. From the curve of figure 2 corresponding to 
1.3-v output, it can be seen that the ratio of the 
amplitudes of a pair of equal comeident pulses to the 
amplitude of a single pulse producing the same re- 
sponse is about 1:25. The width of the curves of 
voltage versus signal delay is determined by the 
duration of the input. Higher pulses appear wider 
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. . 
Response of the coincidence circuit of figure 1 ar 
I d 


associated am plifte as a function of the time separation of 

pair of equal amplit ade pulse s from the mercury-relay pulse 

generator | 

lhe dashed lines refer to operation of the circuit as part of a differential co 
lence syste 


because of their finite rate of rise and exponentia 
decay. 

In the experiments to be cdeseribed, the photo-| 
multiplier voltages were adjusted that pulse} 
amplitudes from 1 to 5 v were produced at the eo] 
circuit as a result of absorption in the| 


so 


incidence 
scintillator of Compton electrons having energies 
between 200 and 1,000 kev 


4. Coincidence System 


In the detection of gamma rays with organi 
scintillators, the energetic electrons produced in the 

Compton seattering of the gamma ray excite th 

phosphor, and the process of deexcitation results i 

the emission of light, which is detected by the photo} 
multiplier. The amount of light vield due to the 

interaction of a particular ramima ras depends on the 

energy of the scattered electron. Thus, by the natur 

of the Compton process, a monoenergetic gamma ral 

produces a continuum of pulse amplitudes at the out 

put of the photomultiplier, with maximum pulsy 
height depending on the gamma energy. 

As the response of the comeidence circuit depend 
on the amplitude of the input pulse, it is desirable t 
work with pulses above some minimum amplitude 
This can be accomplished without affecting the spee 
of response of the comeidence circuit by gating Ib 
output with the pulses from an amplitude diserim; 
inator into which the amplified pulses from the las 
dy node of the photomultiplier are fed. Because the! 
pulse distribution from the Compton electrons wi 
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} have a well-defined maximum determined by the 
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f onergy of the original gamma ray, one can study the 


) response of the system to as narrow a band of pulse 
amplitudes as desired in the neighborhood of the 
maximum with the use of an integral pulse-height 
selector. If one desires to work with pulse ampli- 
tudes below the maximum of the Compton distribu- 
tion, a differential pulse-height analyzer is required. 
For this study, integral pulse-height selectors were 
used with two sources, Na” with annihilation radia- 
tion coincidences of 0.510-Mev gamma rays and Co” 
with coincidences between a 1.17- and a 1.33-Mev 


gamma ray. 
. The resolution of the comeidence System as a whole 
Is dependent on two factors. The first is the time 
distribution of pulses produced by the two photo- 
multiplier tubes when the original gamma rays are 
truly coincident. The second factor is the duration 
of pulses from the photomultiplier tube because the 
coincidence circuit will respond to pulses that are 
delaved relative to one another if the delay is less 
than the duration of the pulses. 

The usual procedure for studying the response of a 
comeidence system up two scintillation 
counters, to exeite the phosphors with coincident 
vamma ravs such as those resulting from annthila- 
tion of positrons, and to study the number of co- 
incidences recorded function an artificial 
delay inserted in the system by varying the length of 
cable from one of the detectors to the coincidence 
circuit. If the pulses were square, of fixed duration, 
and always coincident in time, the coincidence rate 
would be constant as the cable length was varied 
over a range corresponding to twice the duration of 
pulse, and would be zero outside this range. 
On the other hand, if the pulse width were negligible, 
the curve of coincidence rate versus inserted delay 
would correspond exactly to the time distribution 
of the pulses from the detectors. 

The first step toward obtaining good resolution 
was the choice of the organic scintillating materials. 
One of the fastest known crystalline phosphors is 
trans-stilbene, which responds to a Compton electron 
b\ of an exponential pulse of light with a 
decay constant of about 6107° see. This was the 
phosphor that was for the initial 
Next, a series of tests was run on a number of RCA 


to set 


Is 


of 


as a 


7 


CIDISSLON 


chosen tests. 


} 5819 photomultiplier tubes in order to select a few 


that were capable of producing pulses large enough 
to actuate the coincidence circuit without amplifi- 
cation. Some of the tubes tested were capable of 
operation in the neighborhood of 2,000 v, and ex- 
hibited a maximum gain about 10 times that of the 
tube. Two of better tubes were 
chosen for use in the coincidence system, In this 
way, rise-time limitations introduced by amplifiers 
were eliminated. The duration of the pulse at the 
output. of the photomultiplier tube can be reduced 
by using a shorted stub of coaxial cable to produce a 
delayed canceling pulse of opposite sign. The mini- 
mum pulse duration obtainable by this procedure is 
approximately equal to the rise time of the original 
pulse. This rise time depends primarily on the 


average these 


ns WH photomultiplier thue, and appears to be 2 to 3 107° 
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sec if the time constant of the output circuit is less 
than this value. 

As the best resolutions commonly attained with 
scintillation counters are of this order of magnitude, it 
appears that the duration of the input pulses and 
fluctuations therein may often be limiting factors 
that mask the effects of the time fluctuations in the 
pulses produced by coincident radiation events. 
A glance at figure 3 suggests a method to turther 
reduce the effect of pulse duration upon the resolution 
of the system. Because of the width of the pulses, 
the rate of change of output voltage with delay is 
small in the region around zero delay. For this 
reason it is desirable to operate the circuit with such 
cable lengths that simultaneous pulses are delayed 
relative to one another by about 1 muyusec so that 
small fluctuations in the time of occurrence of pulses 
will produce a measurable change in the output 
voltage. In order to have a symmetric system, it is 
necessary to use two fast coincidence circuits operat- 
ing on opposite sides of the maximum of the coin- 
cidence resolution curve, as indicated by the vertical 
dashed lines in figure 3. The outputs of these two 
circuits are fed to a slow coincidence circuit. This 
complete unit is then referred to as a differential 
coincidence circuit, in analogy with a system pro- 
posed by Bay [2]. The two individual fast coinci- 
dence circuits will be referred to as channels of the 
differential coincidence circuit. 

A coincidence is recorded only when there are 
simultaneous output pulses from the two fast coin- 
cidence circuits. The cabling from the detectors is 
so chosen that in the event of a true coincidence the 
pulse from one detector arrives before the pulse 
from the other detector at channel 1 and after the 
pulse from the other detector at channel 2. 

As an illustration, it is useful to consider the re- 
sponse of the circuit to square pulses of fixed ampli- 
tude. By making the differences in transmission 
time just less than the duration of the pulse, all 
incidents of simultaneity of initial pulses result in a 
coincidence being recorded, whereas even a delay 
that is less than the duration of the pulses results in 
a rejection by the differential circuit. The situation 
is Shown schematically in figure 4. If the pulse from 
detector 2 is early, there will be no coincidence re- 
corded in channel 1, and if it is late, there will be no 
coincidence recorded in channel 2. Both channels 
will produce an output pulse only in case of a true 


coincidence. 
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A block diagram of the differential coincidence '000>—-— = SSS _ 
circuit is shown in figure 5. The response of the an See eee OT | + —+}+—_} + — 
system of coincident radiation is illustrated in figures cae ho apo I) 
6,7,and8. The curves of figure 6 show the response ee Se ee ee ee a Bee ie 
of the individual channels to coincidences from co- | aS aes =a iN | | 
balt-60. The displacement of the curves is to be | | j 
attributed to the cabling arrangement between 
channels. The coincidence circuits are 100-percent | a De pei w 
efficient for pulses above the levels of the gating | 2'°°F —— SS SES if 2, 
pulse-height selectors. The width of the curves is | 2 1) 2 
principally due to the width of the pulses from the | > i} * 
photomultipliers. mA t w 

Figure 7 shows the response when the two circuits | Z | {| 2 
are operated as a differential unit with the inserted | @ } O 
delays such that there is no loss in efficiency. The | z 2 
fact that there is no loss in efficiency indicates that | $ - (eee 2.) | 9 
for zero delay the pulses overlap sufficiently at both a ae eee ee = 7 
channels to compensate for any time fluctuations | 
that are introduced by the detectors. If the differ- 
ential cabling between channels is increased, there | | 
will be a decrease in the maximum coincidence rate | 
when the time during which both pulses are present | T + eT 4 
at the inputs of the coincidence circuit becomes less | 
than the fluctuations in time of occurrence of the | ' | LI | 
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pulses. Figure 8 is a response curve for the system 
when this differential delay is sufficient to reduce 
the maximum coincidence rate to 10 percent of its po : 
previous value. The shape of this curve is deter- prcnscir mai. oe te - we ago gob tte oy coincident Cot om 
mined primarily by the time fluctuations of pulses | : sen ipa catia aee 16 
from the detectors, and its width is a measure of the | ,.0iReren Fee eer mates So Rate 8 Oe doc hea 
magnitude of these fluctuations. This conclusion is | introduced by varying the cable lengths from the photomultipliers. rh 
confirmed by the fact that a reduction in efficiency 
below about 20 percent results in no appreciable 
further narrowing of the response curve, indicating : 
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that the “channel width” in time is then much nar- t 1 | 5 
rower than the distribution in time of the pulses 
arriving at the coincidence unit. A measure of the || 

channel width is the quotient of the random coinci- 

dence rate by the product of the individual counting | 7 

rates of the detectors, which, under the conditions T 

of figure 8, is 2.8 & 107" see. re | to st 

Another factor that contributes to the width of the | 5 100fp—~-- + tp tt 4 phot 

response curve is the variation in amplitude of the | [wo 

pulses at the input of the coincidence circuit. This |< Na” 

effect has been minimized in this study by limiting vo | NCIC 

the amplitude variation to about 25 percent with the | 8 The 

gating pulse-height selectors. | 3 1.3-1 
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The width of this curve is a measure of the time fluctuations in the scintillation 


5819 photomultipliers and stilbene crystals were used with Co® y-radiation. 


the Scintillation 


5. Time Fluctuations in 
Counter 


5.1. Theoretical Analysis 


The differential coincidence circuit has been used 
to study the distribution in time of pulses from the 
photomultipliers under various operating conditions. 
Two sources of coincident radiation were utilized. 
Na”, a positron emitter, was used to obtain the co- 
incident 0.510-Mevy gamma rays of annihilation. | 
The number of unwanted coincidences betweer the | 
|.3-Mev gamma rays also emitted by this source and | 





|) the gamma rays of annihilation was made negligible 


Sentient 


stem ¢ 
nded t 


plit idle 


by reducing the solid angles intercepted at the source | 
by the detectors. Because the gamma rays of 2- | 
quantum annihilation are emitted in exactly oppo- 
site directions, their coincidence rate depends only 
ona smaller of the two solid angles, whereas the rate 
of the coincidences involving the 1.3-Mev gamma 
mys diminishes as the product of the solid angles 
of the two detectors. <A source of coincidences be- 
tween higher-energy gamma rays Co®, which 
emits a beta particle followed by 1.17- and 1.33-Mev 
gamma rays in coincidence. 

Because the apparent time distribution of pulses 
from the detectors is determined by fluctuations in 
the rise times of the pulses, the factors that influence 
the rise time will be the factors that influence the 
observed distribution. These factors are fluctuations 
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is 


in photon emission and collection time and fluctua- 
tions in transit time of electrons in the photomulti- 
plier. Post and Schiff [3] have discussed the statis- 
tical limitations on the resolving time of a scintillation 
counter imposed by the fluctuations in photon arrival 
time, and Morton [4] has reported the results of 
a study in which account also has been taken of 
the transit-time fluctuations in the photomultiplier. 
Following the treatment of Post and Schiff, we con- 
sider a phosphor which, upon excitation at t=0, emits 
photons in an exponential decay process, so that 


t 
f(t) i} Rvde-™ dt, 
0 


where /(¢) is the average number of photoelectrons 
produced at the photocathode in the time interval 
O—t, R is the total number of photoelectrons pro- 
duced as a result of the excitation of the phosphor, 
and \ is the decay constant of the phosphor. 

Ri i—< 


f(b) M)~ RI, 


where t<1/X. 


The number, f(t), will be subject to statistical 
fluctuations described by the Poisson distribution, 
so that the probability of N electrons being produced 
in the interval 0—t is 


[fren 


P(t) Ma 


The probability that the Qth photoelectron is pro- 
duced between t and t+dt is 


W(t)=Poe_1(t)[df/dt\ dt. 


The variance (v) in time of production of the Qth 


photoelectron is t?— (#)’. 


v t?Wo(t)dt- || Wa(nae | 
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the problem more 
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Post and Schiff have considered 
generally, and obtain, for 4<1, 
Q+1 
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Q 


2d)? I+ + higher-order terms In di 


r(@)- iT ; 

To develop a model with which to compare the 
experimental results, Q was designated as the average 
number of photoelectrons that would be produced in 
a time equal to the average rise time of the output 
pulse. It is assumed that the variance in the time of 
response of the system to the pulse is given by the 
arithmetic mean of the variances associated indi- 
vidually with the first Q electrons. This assumption 








is reasonable, because the pulses are essentially 
differentiated by the use of the shorted stub, and the 
differential coincidence technique involves a coin- 
cidence between the leading edge of one derivative 
pulse and the trailing edge of the other. The average 


variance will be called 7,(Q 
- l : as oe 
r, (() : >> 4 N+5,N+AN 
(RE LQ S&S I 


| (AQ 1 2(0+1)(QG@+2 
(Rx) 20) 3h 


Q 2Q 
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where Q>1. 


The time of output of the signal will also depend 
on the fluetuations in electron transit time in the 
photomultiplier. Assuming, as did Morton, that in 
each stage the transit times can be described by a 


Gaussian distribution 


| ( ¢ \2 
Pt exp< . J P 
re} \2r 28 
where ¢,; is the average transit time in the /th stage, 


and 8; is a constant determined by the geometry and 
voltage in the 7th Let nv; be the uverage 
number of electrons in the ith ot uve due to VY electrons 


stage 


at the photocathode. The variance in the average 
transit time of these electrons will be 8?/n,. If o is 
the average gain per stage, then n,=Qe The 
average total transit time of the secondary electrons 


, and the variance in 
when @ photoelectrons are involved, is 


due to one photoelectron is Si 
this quantity, 


~ > 5; SO oy | > 5; 
: n “7 Vo () o 
For the average photomultiplier o=4, so that 
terms bevond the second can be reasonably neg- 
lected. Thus, the fluctuations in time of the output 
pulse of the photomultiplier are determined pri- 


marily by the transit-time dispersions in the regions 
between the cathode and the first dynode 
tween the first and second dynodes. 


- | . Bs: 
as al Pi a ) 


In addition, there will be an apparent time fluctua- 
tion due to fluetuations in gain, primarily in the first 
stage. The apparent variance in time produced by 
the gain fluctuation will be denoted by 7,=7°/Q, 
where ¥ is a constant determined by the distribution 
of multiplication factors large number of 
proc eSses. 

To obtain the apparent variance in pulse time 
we assume, as would be true for the convolution 
that the variance resulting 
involved is the sum of the 


and he- 


over a 


(7). 
of Gaussian distribution, 
from the several factors 


individual variances, so that 


/ / / i 
) ; I()- | Db 
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() 24° T- 
r al 
2 Rx) BR Rx) 
where 7 is a constant characteristic of the photo- 
multiplier. 
Considering the case where QP is small, we ea 


easily find the value of Q corresponding to minimum 
dispersion. 


~~ 


dr : r 0) 
dQ 2 Rr» & 
Q= y2RdAT 
v2RAT T y27 
2( Pd): y2RAT Rr 
For a coincidence system using two photomulti- 
pliers, the variance of the response curve will by 
27, and the width at half maximum of this cury 


of coincidence rate versus delay will be given by 


W=2.4(27)'’*. 2 


ean utilize the 


rin 
Rn) ; . 


In practice we shall find that Q@/R=0.3 to 0.5, so 
that the value obtained from eq (3) for Win will 
represent a lower bound——perhaps 10 to 20 percent 
lower than the minimum obtainable width for th 
resolution curve 

In order to compare the result displayed in eq (2 
with experimental data obtained with a differential 
coincidence system, it is necessary to decide what 
factors determine Q for a system of this type. The 
shorted stub technique of pulse shaping will provide 
a pulse for the coincidence circuit where width is 


When QP is small, we 
to obtain 


CXPPesslo 
for 7 


Winin 4 ( 


approximately equal to the rise time of the original } 


current pulse at the anode of the photomultiplier 
This rise time will be determined by the dispersion 
in the multiplier. We are interested in the number 
of photoelectrons (Q) that produce the secondary 
electron arriving at the anode during the rise of the 
pulse. As the time is determined by the dis- 
persion in the tube, the number (Q) will be propor- 
tional the rate of production of photoelectrons 
and we can write 


rise 


to 


Q=ARA=Kh’'y2kXT. 


When QY/P? is small, the dispersion is determined by 


(K-41) \2T 
2k’ PRX 


— Krvee l , 27 
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and the width at half maximum of the resolution 
K?+1\'7/ T \i? 
4( 2k’ ) (pe) 


This expression exhibits a broad minimum in the 
neighborhood of A’=1, and if 1/2 AK’<2, the 
width of the resolution curve will be within 10 per- 
eent of the minimum obtainable with the combina- 


curve Is 


It is of interest to consider in more detail the 
determination of the value of A’. The current 
pulse at the output of the photomultiplier can be 
described by 


avef [ood "82" F] of FJ 


Where the zero of ft and ¢,, corresponds to the average 
time of arrival at the anode of the secondaries from 
a photoelectron emitted at the time of the inter- 
action in the phosphor, 7 measures the dispersion 
of the photomultiplier, and \ is the decay constant 
of the phosphor. 

It can be shown in a straightforward manner that 


ait ye *{ exp(*2) } {exp ar) 


y . 
| inliieas a 7 
{' \ 27 .T—07 exp(- > ) te b 


We desire to obtain an expression for the rise 
time (f,) of this current pulse. At this time dg/dt=0. 
This condition vields the equation 


l *“(AT—1,/7 o 
i = | 7 —2,/7 exp ( 9 Jae 
: (AT —t 


2 ‘4 T 4 
= exp < - = - (4) 
7 \ w2 1 = J 


If Nand 7 are known, this equation can easily be 
solved for t, by numerical procedures with the aid of 
Tables of Normal Probability Functions [5], which 
tabulates both functions. Best agreement with 
data presented in the next section is obtained by 
assuming a value of 7T=1.8107" see in normal 
operation of the photomultiplier at 1,600 v. 


5.2. Comparison with Experiment 


Caleulations have been made of the expected 
values of (¢,) for stilbene and terphenyl-toluene 
solution, assuming the above value (1.8 10 
for T and 1/A=—6™ 107° see and 1/A=—2.5™ 10 
respectively. For the two cases, 


sec 


’ 
sec. 


t 1.277 §(for stilbene 


t,=—O.867 (for terphenyl-toluene). 
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The maximum current occurs a time ¢, after the 
average arrival time of the secondaries produced by 
a photoelectron ejected at the time of interaction in 
the phosphor. The photoelectron charge, Q, con- 
tributing to the rise of the pulse is, on the average 

Q=Ri1 


exp (— Af,) 


which vields 


V=0.76,2RAT (for stilbene) 


QV=0.45,2RAT (for terphenyl-toluene). 

In the case of stilbene, we neglect the term in @Q 
in eq (1) to obtain from eq (3) a lower limit on the 
width at half maximum of the coincidence response 
curve. We assume, in accordance with the work of 
Sangster [7], that stilbene gives 50 percent of the 
photoelectron yield of anthracene in a 5819 photo- 
multiplier. The yield of anthracene is half that of 
Nal measured by Hofstadter [8] to be about one 
photoelectron per kilo electron volt. For cobalt-60 
gamma rays, the average energy of the Compton 
electrons producing pulses accepted by the pulse 
height selectors is 900 kev. For stilbene we expect, 


therefore, 225 photoelectrons on the average. Using 
this value for 2, we obtain a lower limit of 8.8 107" 


sec for the width at half maximum of the resolution 
curve. The expected value given by formulas (1) 
and (2 10>" see. The results of a measure- 
ment with the differential coincidence system are 
shown in figure 9, and confirm this value to within 


is 9.7 
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photons emitted by the phosphor. 


5819 photomultipliers and stilbene crystals were used 





10 percent, which is as good as can be expected in In order to observe the effect of changing 7, th, TA 


view of the uncertainties in the parameters involved. voltage across the cathode to first dynode fap Was 
Figure 9 also shows the results of a measurement increased by a factor of 4 and that from dynode lL to ? 
with annihilation radiation In accordance with dynode 2 by il factor of 4 Krom the feometries 
formula (2), we would expect a ratio of widths at | and voltages involved, it appears that B,= 8). No. 
half maximum of electing Y, we have 
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because the average energy corresponding to the ip +S , 
accepted pulses from the annihilation spectrum is 
300 kev. Using this ratio and the expected width — — in 
of the resolution curve for cobalt-60 radiation, we ecause the Ae treme = Ss ep ends: the mean- | ob: 
. . ° square s el "? Ss 2 S l , Tea 
find that the expected width of the low-energy curve q l we spre In ‘" LNSli _ — I rT Inverse ly in 
is 17«10~-" sec. The observed width is 16 10 properssenea: ert le square root of the voltage. Thus Th 
sec. the value of 7) is (1.810 "ivi 5.6=—9.5 107-" see val 
In the case of the terphenyl-toluene scintillator, _Using this value for 7, we can calculate with the | yo} 
it is desirable to include all terms of eq (1) in esti- | ald of eq (4) the rise time of the pulse on the anode Th 
mating a lower limit for W, as Q/P is close to 0.5, | of the tube. We find ta 
The value of 7? is chosen in accordance with the work "7 : 
» , * nae . > . ( 
of Kallman and Furst [9] as 0.57 Puen For Co t 1.167%, 
~ Fog A. “etat™ va 
gammas, ?=130 is used. The expression (1) for 7 O—0.95RXT ) 
can be minimized for our particular value of 7 ‘ ee | 
and, with (2), vields Wiyy,—8.9 = 10 sec. The ex- — doe 
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recte alue Ss give or 455 2h) 
pocnce Vorae Gs Ww Eves By wee & A. iperer term in calculating the lower limit on the width of | yo 
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ec. The experimental curve is shown as a dotted wipecdl-ecesatel year aananlitet a er ee core eid 
— me Csi : : sanglt terphenyl-toluene we obtain Wyy,—5.4™ 10 SeOr 
curve in figure 11, and vields W,.=—10™ 10 sec. | om ' Tt 9\ : tha 
: ; fee alles, tg! .| The calculated value of W, using eq (1) and (2), is 
For annihilation radiation, ?=130/3. The value of tiol 
W l if . 16 10-0 6.1 10 sec. 
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TABI E l. Width at half-maximum of « 
versus de lay 

Seintillator Energy Voltage Wimir Weal WW 
ke R¢ 8¢ 8 

Stilben 00 1, 0 SSX 10 9.7 10 90 10 
Do 200 1. 600 15.5 17.0 16.0 
rerphenyl-t uene GOO 1. HM su 4 1 10.0 
Do 200) 1. 600 15 160 15.0 
Deo Ou 2 400 4 6.1 6. 2 


The results of these measurements are summarized 
in table 1. The agreement between calculated and 
observed widths of the resolution curves is excellent 
in view of the uncertainty in the values for ? and X. 
These values were obtained from the literature. The 
values for P? are considerably more in doubt, but the 
relative values should be within 10 to 15 percent. 
The value of the single parameter, 7, was adjusted 
to give best agreement between the calculated and 
experimental values of W. An error in the absolute 
value of R would be reflected in this quantity. The 
value of 1.8 107° see obtained from this quantity 
does not appear to be unreasonable. Moreover. the 
consistency of the results suggests that the calcula- 
tion accurately represents the behavior of the coin- 
cidence system, and the conclusion may be drawn 
that in all cases observed the experimental resolu- 
tion was very close to the minimum obtainable with 
the combination of phosphor and phototube used. 

















6. Multiplex Coincidence System 


The attainment of systems having better resolu- 
tion awaits the development of new phototubes 
capable of operating at very high voltages in the 
early stages and the discovery of faster phosphors, 
or requires the use of a different combination of 
crystal and multiplier. The latter alternative is 
illustrated by the following suggestion. If there are 
fluctuations in time of the pulses from the detectors 
for truly coincident events, the influence of these 
fluctuations on data indicating delayed radiation can 
be reduced by using two photomultipliers viewing 
each phosphor and requiring a delayed coincidence 
to be registered simultaneously in two independent 
coincidence circuits. Delayed radiation will produce 
a delayed coincidence in both channels, whereas a 
randomly occurring fluctuation is much less likely 
to have the same value in both sets of detectors at 
the same time. In fact, it has been experimentally 
verified that the curve of counts versus time for 
coincident radiation events falls off as the product of 
the curves for the individual coincidence circuits. 
The drawback on this procedure is that if two photo- 
multipliers are used, a reflector must be removed, and 
the amount of light collected by each photomultiplier 
is less than if only one tube is used. This decrease 
in light intensity corresponds to a decrease in P? and 
has the same effect as a decrease in energy of the 
original radiation. That is, the fluctuations in the 
response of the individual coincidence systems are 
increased. 
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A system based on this principle has been designed 
and constructed. It consists of two phosphors, each 
viewed by two photomultipliers. In this system, 


RCA 6199 photomultipliers were used because of 


their high gain and low noise. Four of the six 
tubes available were operated successfully at 2,000 v 
and produced larger pulses than the selected 5819 
photomultipliers used previously. The pulses from 
each phototube are fed to the inputs of two fast 
double-coincidence circuits, that four of these 
circuits are used in the system. To minimize the 
effect of pulse width, the cabling is arranged so that, 
for zero delay and coincident radiation, each pulse 
arrives earlier than its counterpart at one coincidence 
circuit and later at the other. A time fluctuation in 
either direction will then eliminate the coincidence 
in 1 of the 2 circuits. The outputs of the fast 
coincidence circuits drive four inputs of a sixfold 
coincidence circuit. The other two inputs are 
driven by the outputs of two pulse-height selectors, 
each of which analyzes the summed pulses from the 
last dynodes of the photomultipliers viewing one of 
the phosphors. 

A block diagram of this system is shown in figure 
12. The system has been tested by means of the 
coincident gamma rays from Co ® and from positron 
annihilation. The resolution curves are shown in 
figure 13. The resolution obtained with this system 
is about the same as that obtained with one differen- 
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figure 12 to pulses produced by coincident gamma rays incident 


on terphenyl in tole ne liquid N¢ intillators 


or gamma ray innihilation radiatior #149 photomul 


tipliers were used 


tial 
operated at 


coincidence system and 5819 photomultipliers 
2,400 v. From the st: andpoint of sta- 
bilitv, however, the new system has much 
more satisfactory than the old one, primarily be. 
cause of a noticeable reduction in fatigue of the 
photomultipliers. 


been 


7. Applications of Coincidence Techniques 


The mode of ope ‘ration of high-speed coincidence 
circuitry is determined by the specific requirements 
of the problem at hand. If high efficiency is re- 
quire <i in the detection of a coine ide ‘nee, a sacrifice in 
resolution must made because the inherent 
time fluctuations in the detectors. Such a situation 
is encountered, for example, in the absolute calibra- 
tion of radiation by coincidence methods, 
In this case, the system must operate with a con- 
stant known efficiency. An efficiency of 100 percent 
has been found to be the easiest to measure and hold 
constant, and a coincidence system has been de. 
veloped for the absolute calibration of cobalt—60 
by the method of gamma-gamma_ coinci- 
dences operating at this efficiency. For this applica- 
tion, the differential coincidence technique was not 
feasible because, with terphenyl-toluene scintillators, 
the maximum fluctuations in pulse time are of the 
order of magnitude of the pulse width. Because of 


be of 


SOUTCeS 


sOUTCeSs 


the fluctuations in pulse time, it was necessary to 
accept a resolution 7=1.5+ 10 sec in order to 
achieve 100 percent efficiency. Under these condi- 


the disintegration 
60 to an uecuUracy 


tions we are able to determine 
rate of millicurie sources of cobalt 
of 1 percent. 

If the problem is primarily one of measuring short 
time intervals between radiations, on the other 
hand, and less than 100 percent efficiency is tolerable, 
it is pre ‘ferable to operate the coincidence system In 
such a way as to provide maximum resolution. — In 
this application, it is possible to measure time inter- 
vals considerably shorter than the width of the reso- 
lution curve for the system. Bay [10] and Newton [11] 
have discussed some methods for analysis of the data 
obtained in such measurements. It can be shown 
that if the time delays are the result of the exponen- 
tial decay of an intermediate state excited by the 
first radiation, the curve of counts versus artificial 
delay is given by 


((d) AS\r( a} vo)fexed (Sik ) } Jose aul 
. , - Kd ) 
ce > ba 


| i vf 2A 
“ 
») a 
9 
Ais a constant that depends on the geometry 


aw a 
\ 2 ZA 
where 
im, Sis the source strength, 


and resolution of the syst 


ais the decay constant of the intermediate state, and 
the prompt coincidence resolution curve of the 
system for radiations of the same energy is de- 
scribed by C(d)=C,4*. The funetion contained 


in brackets has been tabulated in [5] so that it 1s 
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ossible to caleulate curves to be compared with the 
experimental curve and to determine the value of @ 
sthat gives a fit. From a prompt coincidence 
resolution curve such as the solid curve of figure 13, 
it Is possible to measure lifetimes of the order of 
y-” see to an accuracy of the order of 107" 
These techniques have been applied to data obtained 
fom the annihilation of positrons in metals and 
differences have been determined of +x<10-" 
) between Mean lives to a precision of 1107" 
Details of this work will be published elsewhere. 
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8. Conclusions 


The data and analvsis presented here indicate that 
the circuitry and techniques described enable one 
to obtain coincidence resolutions very close to the 
minmum to be expected for the combinations of 
scintillator and photomultiplier presently available. 
The analysis of the detectors and circuitry takes 
account of the fluctuations in emission time of the 
photons from the phosphor and assumes Gaussian 
distributions for the interstage transit times in the 
photomultipliers. The time of occurrence of a pulse 
s considered to be the average of the arrival times 
at the anode of the electrons that contribute to the 
rise of the output pulse. This analysis results in 
the satisfactory prediction of the magnitude of the 
resolution and the effect on the resolution produced 
by a variation of tube voltage, phosphor decay time, 
or energy of exciting radiation. The data indicate 
that the root-mean-square deviation of the transit 
time in the cathode-to-dyvnode region of the 5819 
photomultiplier is 1.8% 10°" see when the voltage 


aross the gap is 180 v. 


ained } 


it 1s 
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Fluctuations in photon-emission time and 
electron-transit time limit the time resolution obtain- 
able with a scintillation counting system, so that the 
use of circuitry having too short a resolution results 
in reduced efficiency for the detection of coincident 
radiation. For 1-Mev gamma rays the limiting 
resolution for 100-percent efficiency is approximately 
1.5x<10~ Operation of the system at reduced 
efficiency enables one to measure time intervals of 
the order of 107° between radiations to an 
accuracy of 10 percent. 


Sec. 


sec 
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Chemical Activity of Gamma-lIrradiated Polymethy] 
Methacrylate ' 
Leo A. Wall and Daniel W. Brown 


In studies of polymerization and depolymerization with y-irradiated polymethyl meth- 


acrvlate, 


effects were observed indicative of long-lived free radicals in the solid polymer. 


With a dose of 10° roentgens, the free-radical concentration, as measured by both types of 


experiments, is estimated to be at least 10-5 mole per liter. 
contains peroxide structures of at least 10-3 mole per liter concentration 


When irradiated in air the polymer 
The decomposition 


of these peroxidic groups is accelerated by (tert-butyl catechol and is associated with the 


production of scissions in the polymer chain. 


1. Introduction 


Considerable evidence [1,2]? has been reported for 
the presence of radicals in frozen materials, held at 
about 90° K and irradiated with some type of irra- 
diation, either ionizing or ultraviolet. In addition, 
it has been reported that polymerizations producing 
gelled material leave trapped considerable concen- 
trations of radicals, up to 10 mole per liter [3]. 
Recent paramagnetic resonance studies [4] have 
demonstrated the existence of free radicals in pre- 
viously X-irradiated plastics. These experiments 
were carried out at room temperature. 

The work reported herein was undertaken for the 
purpose of demonstrating by chemical means the 
presence of immobilized free radicals, and of deter- 
mining something of the nature of the various struc- 
tures produced in solid polymers by y-radiation. 
Furthermore, it is hoped that the results will help 
elucidate the mechanism of radiation effects in 
plastics. 


2. Experimental Procedure 


Methyl methacrylate and styrene monomers were 
obtained from the Rohm & Haas and Dow Chemical 
Companies, respectively. Both monomers were 
flash-distilled at about 35° C immediately before use 
in order to remove inhibitors. Only about 50 percent 
of the monomer was distilled; the were 
disearded. 


residues 


Hydroquinone and benzoquinone were chemically 
pure grades obtained from Fisher Scientific Co. The 
lert-butvl catechol was a technical grade obtained 
from Eastman Kodak 

The polymer used for irradiation was prepared in 
12-percent: conversion from = twice-degassed methyl 
methacrylate at 60° C, using 0.0082 mole per liter 
of benzoyl peroxide It was precipitated with 
methanol and dissolved in benzene three times. The 
third benzene solution contained about 5 weight- 
percent of polymer; it was frozen, and the benzene 


was sublimed off in a vacuum. The residue was 
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heated for 10 days at 60° C in a vacuum oven. Its 
intrinsic viscosity in benzene at 29.3° C was 1.66. 

Each irradiation tube contained 0.2000 +0.0005 ¢ 
of the above material. Before exposure, each tube 
was heated at 100° C for 20 hr on a high-vacuum line. 
After cooling, the samples to be irradiated in a 
vacuum were sealed off; the others were removed and 
stoppered. 

Most of the irradiations were performed at the 
Naval Research Laboratory, Washington, D. C. 
The NRL source has been described [5]. The tubes 
were exposed in the inner cell in a holder that kept 
them in Il-em annular rings within the cell. The 
polymer samples were each distributed through a 
evlindrical volume 0.8-em diameter by 1.5 +0.2 em 
high. The dose rates calculated were those at the 
center of each annular ring at the average height of 
the centers of the polymer samples. Individual 
polymer samples received doses different from those 
calculated because of variations in the height of the 
sample and variations in the dose rate around each 
annular ring. It is estimated that such variations 
amount to about 5 percent. 

The irradiations reported in figure 6 were per- 
formed with a 200-curie cobalt-60 source at the 
Bureau. This is a single piece of cobalt, and as the 
samples were positioned very close to it, the doses 
reported are orders of magnitude only. These 
sumples weighed about 0.035 g each and were pre- 
pared as described above. 

The drop in viscosity with time after addition of 
tert-butyl catechol (fig. 3) was studied by adding the 
catechol to a solution of the air-irradiated polymer 
in a Ubbelohde viscometer and by measuring the 
viscosity at different times. 

To test samples as low-temperature polymeriza- 
tion initiators the tubes were scratched lightly with 
a file and placed in viscometers like that sketched in 
figure 1. The viscometer was tipped, causing the 
sample tube to move into side arm D; side arm C 
could then be closed off at the dotted line without 
pyrolyzing the polymer. After cooling, the sample 


tube was returned to side arm CC. If desired, in- 
hibitor was added in benzene solution, and the 
viscometer was evacuated to dryness. Freshly 


distilled monomer was then pipeted into the vessel 
through A, and a glass-encased piece of iron was 
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placed gently on the tip of the sample tube, and the 
viscometer was waxed into a vacuum line at A 
The monomer was degassed by freeze-evacuate-melt 
eveles. During the third evacuation the iron weight 
was raised with a magnet and dropped on the tip 
of the sample tube, which broke at E. After the 
gases in the sample tube were pumped out and the 
pressure had been reduced to about 107' mm He, 
the iron weight was raised by a magnet, and the 
viscometer was sealed off at B. The viscometer was 
then immersed in the 29.3° C bath and the sample 
dissolved by pouring monomer on and off the 
polymer. Time was measured from the instant of 
immersion; the polymer seemed to dissolve within 
25 to 30 min. The viscosity was measured by 
inverting the tube to fill the viscometer, reinverting 
it, and timing the flow. Kinetic-energy corrections 
were made. 

In some of the early work, attempts were made to 
distill monomer directly into the viscometer tubes, 
but the amount of monomer could not be accurately 
controlled. 

The polymerizations at 70° C were performed in 
apparatus like that sketched in figure 2. After 
closing off the sidearm at the dotted line, monomer 
Was pipeted into container D, the system was 
degassed, the polymer tube opened, and the system 
sealed off at Boas before. The polymer was dis- 
solved at room temperature and poured into G 
through the capillary. The whole device was then 
placed in a 70° C oil bath. Time was measured 
from the instant the solution stopped flowing from 
the capillary into D. Because the dilatometer was 
calibrated from H to F, as well as below F, poly- 


This procedure made possible the use of fine capil- 
laries, so that 1 percent of polymerization resulted 
in a 4- to 5-em change in the position of the meniscus 
The volume from F to H was small, equivalent to 
about 0.3 percent of conversion 


3. Results 
3.1. Tert-Butyl Catechol Effect 


ln an earlier investigation it had been noted {6 


that irradiated polymethyl methacrylate and poly- 7 


stvrene had measurably lower intrinsic viscosities 
when dissolved in benzene containing 0.05 percent of 


tert-butyl catechol than when dissolved in pure | 


benzene. The object of measuring intrinsic viscosi- 
ties of samples dissolved in’ inhibitor-containing 
solvents was to obtain evidence for immobilized fre 
radicals. The concept was as follows. If radicals in 
an irradiated polymer combine when the material is 
dissolved in benzene, a certain intrinsic VISCOSILN 
would be observed. Dissolving the same material i 
a benzene solution containing an effective mono- 
functional terminator should then result in the 
observation of a somewhat lower intrinsic viscosity 
Of course, if the radicals terminated by dispropor- 
tionation, then no difference in viscosities would be 
observed For detection in this manner, greater 
than 10>! mole per liter of recombining radicals 
would be necessary. 

In this work. experiments on polvme thy] metha- 
ervlate irradiated in a vacuum showed no detectabl 
differences However, the effect was observed 01 
samples irradiated in the presence of air. Further 
more, on adding tert-butyl catechol to the polymer 
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solution, the viscosity of the solution was observed 
to drop slowly over a period of several hours. Figure 
3 shows a typical curve at 21.6° C. These results 
appear to indicate a labile structure, probably a 
peroxide type, the decomposition of which leads to 
or involves a scission of the polymer chains. The 
decomposition process is also evidently promoted by 
tert-butyl catechol. Several other possible pro- 
moters were tried. Those that were effective were 
hydroquinone and dimethyl aniline, whereas benzo- 
quinone, phenol, and diphenyl picryl hydrazine pro- 
duced negligible effects. The changes observed in 
the flow times amounted to about 20 see out of 350. 
With unirradiated polymer, the presence of inhibitors 
raises the flow times only slightly. 


3.2. Polymerization Near Room Temperature 


for free radicals was the effect of 
producing polymerization at 
temperatures below usually required — for 
peroxide decomposition. A temperature of 29° C 
was used, which should be adequate for the propaga- 
tion of radicals already formed. However, when 
polymethyl methacrylate has not been y-irradiated 
it is known to have some catalytic activity for 
polymerization [7]. This activity is removed by 
heating the polymer [8]. Most of the polymethyl 
methacrvlate was therefore heated prior to the 
various experiments for 20 hr at 100° C in a vacuum. 
Such polymer is referred to as deactivated. The 
technique for preparing tubes for measurement of 
VISCOSIEA changes was described above, see figure l. 

In figure 4 the catalytic activity of y-irradiated 
polymer is shown compared with nonirradiated 
material and also with nonirradiated material with 
an added trace of benzoquinone. It is evident that 
wradiation has considerable, although not impressive, 
effect. The induction period for the nonirradiated 
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Figure 5. Polymerization of methyl methacrylate. in the 
presence of y-trradiated polymethyl methacrylate at 29° C, 


1 week, all samples deactivated initially 

irradiated 10° r, stored in air; x, 
1.310 g/100 cm of quinone; 

* g/100 cm?* of quinone 


Storage time, 
@. Irradiated 2X10’ r, stored in vacuum; A, 
irradiated 10° r, stored in vacuum, containing 
, irradiated 10° r, stored in vacuum, containing 3.310 


material is believed due to traces of oxygen not 
removed by the vacuum pumping. It is seen that 
the oxygen inhibition is equivalent to an appreciable 
quantity of quinone. 

In figure 5 the retarding effect of quinone on the 
polymerization in the presence of irradiated polymer 
is shown. The effect of air exposure on a polymer 
previously exposed to radiation in a vacuum is shown 
to give a considerable reduction to the activity of the 
irradiated polymer. Neither storage for 7 days nor 
the amount of inhibitor used was sufficient to annihi- 
late the activity due to y-irradiation (compare figs. 
4 and 5). In subsequent polymerization studies at 
70° C, exposure of irradiated polymers to air resulted 
in a cataly tic effect. 
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than radicals present after irradiation. Hence a 
ereater activity for polymerization should be ob- 
served at 70° C with irradiated polymer stored in 
air. Previously it was demonstrated, figure 5, that 
polymerization at 29.5° C was curtailed by storage 
in air. The results shown in figure 8 support the 
concept described, a greater rate of polymerization 
occurring When irradiated polymer was exposed to 
air. Of course, irradiation in air produced an even 
greater effect. 


3.4. Depolymerization of Irradiated Polymer 


It has been suggested that the foaming [9] in 
polymethy1 methacrylate observed when previous 
irradiated polymer is heated is due to the expansion 
of gases formed during the irradiation at a lower 
temperature. Another possibility is that radicals 
produced during the irradiation depropagate to 
produce monomer, which may also cause bubble 
formation. 

In table 1 the results of some experiments to 
test this hypothesis are given. All samples of 
polymethyl methacrylate studied were in a finely 
divided form and were deactivated by a prior heat- 
ing in a vacuum for 20 br at 100° C. After the 
treatment indicated in table 1 the volatile products 
were analyzed by means of a mass spectrometer. 
It is seen that irradiation alone produces relatively 
small amounts of gases, most of which are the result 
of radiolysis of the ester groups in the polymer. 
It is noted that in this case no monomer was detected. 

Without prior irradiation, heating alone produced 
some monomer. The benzene observed comes from 
the solvent, which was used in the preparation of 
the samples, still remaining in the polymer. It is 
estimated from this vield that the polymers con- 
tained at least 2 percent of benzene. The trace of 
hydrogen is somewhat surprising in view of the 
fact that the material bad not been irradiated. This 
is also partially true of the fact that more hydrogen 
was produced from the irradiated and heated 
samples than from the irradiated unheated sample. 

When heated after irradiation more monomer is 
produced, and if the irradiation is carried out in 
the presence of air, an even larger quantity of 
monomer is produced The benzene 
slightly, which may indicate some radiolysis of this 
solvent. 
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TABLI ] | olatile prod icts obtained from 47 irradiated 
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4. Discussion 


The viscosity decrease observed when tert-buty] 
cathechol is added to solutions of polymers which 
were irradiated in air, is tentatively believed to be 
the result of a peroxide structure, the decomposition 
of which leads to or involves a scission of the polymer 
chain. From the viscosity changes and by assuming 
one scission is equivalent to a peroxide structure it 
is estimated that at least 107° mole per liter of such 
structures were produced for an irradiation of 107 r. 

The number of radicals in the polymer irradiated 
in a vacuum was estimated in several ways. From 
the data in figures 4 and 5 it can be assumed that 
the air inhibition is equivalent to about 3.3 107° g 
of benzoquinone per liter of monomer and that each 
benzoquinone molecule captures two radicals. This 
leads to a radical concentration in the polymer after 
irradiation of 1.51075 mole of radicals per liter. 
This value is probably a minimum since during the 
dissolving process many of the radicals may self- 
terminate. 

From the data on monomer yield presented in 
table 1, the radical concentration was estimated 
assuming that each radical depropagates to the end 
of a molecule producing monomer. Hence the 
radical concentration is approximately the yield of 
monomer based on a liter of polymer divided by the 
degree of polymerization. After irradiation the 
degree of polymerization is 310°. After correcting 
for the monomer yield from the nonirradiated 
polymer the radical concentration as estimated from 
the depolymerization data is (45.6—11.7) 107*/3> 
10°=1.2 1075 mole per liter, which is probably a 
low estimate also. These concentrations are not 
too different from those reported from paramagnetic 
resonance studies [4]. 

It is unlikely that very large effects can be pro- 
duced in polymerization experiments of the type 
described because of the rapid termination of radicals 
in solution. The time for a hundredfold decay of 
methyl methacrylate radicals in monomer solution, 
using 10° liters mole! sec~! [10] for the rate of ter- 
mination, is given by t=10?/10° Ro. If the initial 
radical concentration, /o, is 10~° mole per titer, then 
only 1 see elapses before the radical concentration 
drops to 107? mole per liter. 

Such decay times for radicals in the solid polymer 
can also be estimated, using for the termination rate 
constants at various temperatures, values obtained 
from the relation k,=3 10" e~*°"/** liters mole! 
sec”! [10]. At the temperature used in the depolymeri- 
zation the hundredfold decay time is estimated to be 
17 min, for an initial radical concentration of 107° 
mole per liter. It can also be estimated from the 
depropagation rate constant of Cowley and Melville 
[11] that one-half of a polymer molecule would 
require 19 sec for complete decomposition to mono- 
mer. Thus it would appear that depropagation of 
most of the polymer radicals to the end of their 
chains would occur before termination and the 
method of calculation based on depolymerization 
appears reasonable for rough estimates. At the end 
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» J. 1} > Journal of Research of the National Bureau of Standards Vol. 57, No. 3, September 1956 Research Paper 2703 
ISON of 
“wt ificati f Sub by a P f Freezi 
Bure. Purification of Substances by a Process ot Freezing and 
Fractional Melting Under Equilibrium Conditions ‘* 
Augustus R. Glasgow, Jr., and Gaylon Ross 
(195) 
4 4) \ purification technique has been developed whereby a mass of well-defined crystals, 
oe formed by slow crystallization of a liquid, is melted under equilibrium conditions into a 
pectr series of fractions. In this process the entire mass of the substance is fractionated into its 
(1055 gross impurities and high-purity material. This offers distinct advantages over conven- 
5 — tional fractional crystallization techniques. The apparatus provides for conducting the 
(1953 fractionating process in a closed inert system and is well adapted for purifying compounds 
Sei rT that are corrosive, toxic, or reactive with air. Details of construction and operation of the 
‘ apparatus, including experimental results on 2,5-dichlorostyrene, are included in the report. 
Sei 13 1. Introduction in solid solution, (2) that erystals grow very slowly 
; in order to avoid occlusion of impurities, and (3) 
rv. Soc Many compounds of commercial and_ scientific that the ervstals be large in order to minimize the 


importance may be toxic, repulsive in odor, hygro- 
scopic, corrosive, or reactive with air. Further, 
thermally unstable compounds, such as monomers 
or weakly bound compounds, are often susceptible 
to heat, and polymerize, dissociate, or isomerize at 
elevated temperatures. 

Purification of the above materials requires that 
the fractionation process be conducted in a closed, 
inert system = at low temperatures. These objec- 
tives are largely attained by the combined sequence 
of equilibrium freezing and melting: (1) erystals of 
a single component (pure substance) are segregated 
from the other components (impurities) by cooling 
the sample from its liquid state until erystallization 
is substantially complete. and (2) the entire mass 
of crystallized material is then slowly melted under 
equilibrium conditions to obtain successive fractions 
fractional melts) of increasingly higher degrees of 
purity. This process is so analogous to fractional 
distillation that the authors have suggested the 
term ‘fractional melting’ to define the combined 
equilibrium freezing and melting process. 

The technique of fractional crystallization has, of 
course, long been used in purification [1].6 Frac- 
tional melting of a crystalline mass formed by slow 
equilibrium freezing is more effective than erystalli- 
zation alone in separating the entire mass of the 
substance into its gross ‘mpurities and high-purity 
material, A fractional-melting apparatus embrac- 
ing the above principles has been developed and 
successfully used for the past several years. 


2. Fractional Melting of Ideal Systems 
Ideal conditions for the separation of a erystal- 


line phase containing only a= single component 
include (1) that the impurities do not. participate 
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volume of liquid retained on their surfaces. 

In the crystallization of a single component from 
its impure melt, it is a general practice to attempt 
the induction of crystal growth when the solution is 
at a temperature slightly below the freezing point. 
With many substances, initiation of the liquid-solid 
transformation cannot be accomplished until the 
liquid has cooled well below the freezing point. In 
such cases, when crystallization occurs there is a 
rapid growth of very small crystals, which results 
in contamination by occlusion in the erystal. In 
particular, compounds with poor symmetry tend to 
supercool. After the onset of this initial crystal- 
lization, which starts with the solution far from 
thermal equilibrium, the latent heat of fusion 
rapidly raises the temperature and closer approach 
to thermodynamic equilibrium is realized. On con- 
tinued slow freezing of the system, crystallization 
then proceeds in a more orderly fashion. In systems 
containing impurities conforming to the ideal con- 
ditions enumerated in the first paragraph of this 
section, the erystals preferentially select the pure 
component and reject the impurities. During this 
slow crystallization the erystals successively formed 
from the solution are progressively less pure because 
of the difficulty of growing crystals of the pure 
component from solutions in which the impurities 
are concentrated. Although each system of crystal- 
lization has unique features, in general, very slow 
freezing produces crystals larger in size and with 
minimum occlusion. 

Optimum melting conditions, using the apparatus 
described in this paper, are realized when the 
crystalline mass contains large crystals of a single 
component and the impurities are segregated into a 
separate liquid or a solid phase of smaller crystals 
melting well below the freezing point‘ of the single 
component. During the period of equilibrium melt- 
ing, the mass of small crystals containing the impuri- 
ties is melted before the bulk of the large crystals. 
‘ Thermodynamically, “‘melting point’ and ‘freezing point’’ refer to the 


same equilibrium temperature and define the temperature at which an infinitesi- 
mal amount of erystals of the pure component is in equilibrium with liquid 





To summarize, the fractional-melting technique of | the purification accomplished by progressive liquid | tl 
solid-liquid fractionation uses equilibrium freezing to | displacement at the solid-liquid interface, any 0 
obtain closer approach to ideal conditions for the | reerystallization of the liquid to solid results jy, | t 
segregation of the impurities from a crystalline | added purification, 





phase of the pure substance during the crystallization The apparatus used for the purification of a volg. ) fk 
process. Equilibrium melting of this crystallized | tile sample by fractional melting of the substanep sl 
mass into fractions is then used to remove successively | under its Own vapor pressure is shown in figure | tl 
impure material and finally the pure substance A detailed drawing of the fractional-melting tube | 0! 
is shown in figure 2. Identical parts are designated al 
3. Procedure and Apparatus by the same letters in both figures. The Chamber 
of fractional-melting tube J, distributor R, and 
In the crystallization of a compound from its | "e¢elving ampoules W, are exhausted to a low 
impure melt, using the fractional-melting apparatus | Pressure do™ mm Hg) by attaching the ground n 
described in this paper, crystal growth starts at the glass joint ( toa high vacuum system consisting of de 
bottom of the container and proceeds slowly up | ® Mereury diffusion pump and a forepump. The fu 
through the liquid. The crystals near the bottom evacuated system is then isolated from any stopeock ol 
of the tube are of high purity, with the bulk of the lubricant by fusing the constriction at B in the glass of 
impurity concentrated near the top. After crystal- manifold. In this way the sample to be fractionated bi 
lization the container is inverted and heat is intro- | exposed only to glass. The breakoff tip of am- pt 
duced into the system so as to produce slow melting. poule E is then broken by hammer D, and the li 
The first material collected is the least pure and the sample is distilled into the chamber of the fractional- mn 
last portion most pure. In its downward flow. the melting tube. The manifold Is then removed by al 
liquid ® from the melted crystals bathes and washes sealing at A. — st 
each succeeding crystal surface. The less pure Nonvolatile samples are transferred as liquids, pt 
material wetting the erystal surface is progressively I hey are sealed under their own vapor pressure in m 
displaced by liquid of higher purity. In addition to inverted breakoff tip ampoules [5], which are at re 
chi rl tached to an opening into the chamber below N in se 
If the viscosity of the liquid containing the impuritie high, separation by ti 
gravity flow will be impracticabk Such systems will require additior f 
solvent to lower the viscosity 
x W 
ati cl 
w Ss: y 
Y WY “ .) by 
[| ~J —— 
iN ee | Sp 
cS | C0 
te—V 2 1] | sp 
wl | | | || lo 
i; | 
—. amd = = ph ; | pe 
F xt ~ rG L q ( " th 
ol S 
: r | p! 
Q-+ 23 Hl 
144" ; 3 | ) dei | th 
= C fi: H H $2 cle 
A 6 Spite Ss ee | ju 
tie “ ie | 
[—~| 2: ; > | tu 
C N 3 o 3 Is 
0 ss 22 + 
lr. f | in 
———-— | 3 
ain f fei J a] 
G ¢$ au 
FE. 3 fri 
3 | M 
K-+— ae 
H E ue 
ir 
a ni 
| 
K Ir 
| In) 
b.somth = ts ie 
eM m 
- tu 
L .—M Pree rnwee Wi 
@) 5 iO Cm = 
lh 
I IGURE | Assembly of fractional-meltir faghve fributor and .: 
eceivers, and manitotd to niroducing votatils Pipe | IGURE 2 Fractional-melting tiuhe n 


138 








liquid | 
any 
ilts in | 


l Vola- 
Stance 
‘ure |, 
r tube | 
Thated 
amber 
and 
a low 
round 
ing of 
The 
peock 
4 glass 
nated 
f am- 
d the 
ional- 
“ld by 


juids, 
ire in 
e at- 


N in 


The evacuation and subsequent removal 


the figure. 
of the empty ampoule and the manifold are similar 
to that described for the volatile samples. 

The fractional-melting tube is placed in a Dewar 


flask containing the freezing bath. A. solid-liquid 
slurry of a substance freezing at the desired tempera- 
ture may be placed direetly in the Dewar flask to 
obtain a constant-temperature bath. lee and water 
are used for a temperature of 0° C, solid carbon diox- 

refrigerant for —78° ©, and liquid nitrogen for 
196° © 
The temperature of the freezing bath required for 
nearly complete crystallization of the sample will 
depend upon the freezing point, purity, and heat of 
fusion of the compound being purified. For samples 
of high purity (98 mole percent or greater) and heats 
of fusion from about 2 to 4 keal/mole, a freezing 
bath about 5 to 20 deg C lower than the freezing 
point of the sample is used. A cooling rate of the 
liquid near the freezing point of the sample of 1 deg 
in 10 to 15 min is normally used. This thermal head 
and cooling rate for such samples will allow sub- 
stantially complete crystallization in an overnight 
period of 16 hr. Samples of lower purity (80 to 98 
mole percent), in which a large temperature range ts 
required for crystallization, will require the use of 
several baths and a longer time for the crystalliza- 
tion 

Transfer of energy across the space from the outer 
wall, I, to or from the sample contained in the 
chamber, J, is controlled by the degree of evacuation 
of this space. In order to prevent energy transfer 
by radiation, the inner glass surfaces confining this 
The stopeock, X, in figure 2 is 
connected to a high-vacuum system through a 
spherical joint, Y, and is used to adjust the pressure 
for a satisfactory rate of cooling or warming. 


space are silvered. 


The temperature of the sample is measured with a 
thermocouple inserted in the closed tube, F, which 
protrudes into the sample at K. An amorphous 
high-melting wax is used to fill the space between 
the thermocouple wire and the inner glass wall to a 
depth of several inches above the thermocouple 
junction. When the sample has reached a tempera- 
ture slightly below its freezing point, ervstallization 
is induced by cooling the small amount of the sample 
in the constricted portion, L, of the sample tube 
appreciably below its freezing point. Coolant is 
added through the glass tube, G, which is separated 
from part L of the sample tube by the glass partition, 
M. Samples freezing above —50° C are cooled by 
alding powdered carbon dioxide, and samples 
freezing below 50° ( are cooled with liquid 
nitrogen [2]. 

When the cry stallization process Is complete, the 
fractional-melting tube is inverted. It is” then 
inserted in the special Dewar-type vessel shown in 
figure 3. The brass clamp, O, supports the fractional- 
melting tube and distributer. The small-diameter 
tube, N, allows some movement between these parts 
Without breakage. For higher-purity samples (98 
mole percent or higher), the outer wall of the frae- 
tional-melting tube is maintained at a temperature 
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FigurRE 3. Assembly for melting operation, 

several degrees above the freezing point of the sample. 
For lower-purity samples (80 to 98 mole percent), the 
outer wall is allowed to warm slowly from a tempera- 
ture near the lowest crystallization temperature to a 
temperature above the freezing point of the sample. 
With samples of higher purity the melting operation 
is normally performed in a 6- to 7-hour period during 
the regular hours of the working day. With samples 
of lower purity, progressive melting of the sample 
requires a longer time. Because the equipment was 
nonautomatic, the temperature of the bath during 
the melting process was varied during the day, and a 
constant-temperature bath was used at night.. 

Inorganic salts and ice have been used to obtain 
baths of high heat capacities for retaining samples 
overnight without appreciable melting. These baths 
have been used for samples of low purity that are 
melted over a period longer than 1 day. Such 
mixtures are conveniently frozen by inserting a 
powdered carbon dioxide “cold finger’? into the ap- 
propriate salt-water solution. 

Constant-temperature baths described previously 
for freezing the sample may also be used as melting 
baths. The selection of the appropriate freezing and 
melting baths will depend upon the range of tem- 
perature required for solidification and complete 
melting of the sample. When such baths are used, 
the coils shown in figure 3 are removed from the 
special Dewar-type vessel. If the melting operation 
is performed during the working day, intermediate 
temperature baths between 0° C and _ solid carbon 
dioxide at —78° C can be maintained manually by 
periodically adding just enough solid carbon dioxide 
to a suitable solvent to keep the bath at a given 
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temperature, An alternate procedure is to circulate 
a liquid from a constant-temperature bath or refrig- 
erating unit through coils placed in the Dewar, as 
shown in figure 3. For substances freezing above 
room temperature the outer wall of the fractional- 
melting tube may be heated electrically. 

Crystals are retained in the chamber of the frae- 
tional-melting tube by the conical perforated glass 
disk, H. The liquid from melted cry stals is directed 
into the distributing funnel, R, by the dropping tip, 
P. This funnel is ground at Q to a bearing surface, 
upon which it is rotated. It was found in practice 
that the friction of this bearing was sufficient to hold 
the funnel in a fixed position, and did not interfere 
with its rotation. A permanent magnet acting upon 
the iron rod, encased in glass at 5, is used to rotate 
the funnel to the various positions for transferring 
melted fractions of the sample into the receiving 
ampoules, W. A U-bend, N, in a (4-mm 
outside diameter) tube serves as a stopcock between 
the fractional-melting tube and the distributor 
This U is allowed to fill with liquid, whieh is then 
frozen with a suitable cooling bath, while a filled 
ampoule, also frozen, is sealed off and removed from 
the system at point V. In this manner the solid 
plug in the U aets as a closed stopeock.® After 
melting, liquid passes freely through the Four 
edditional ampoules (not shown) are sealed ai 
points T on the distributor and are filled in the seme 
manner with subsequent fractional melts 


glass 


4. Substances Purified by Fractional 
Melting 


This method has been applied to the purification 
of 2,5-dichlorostyrene. A sample of this compound, 
which had an original purity of 98.68 mole percent 
and a freezing point of 8.058° C [3], was frozen in an 
ice bath at 0° C. The fractional-melting tube was 
then placed in a 4'5 liter Dewar packed with ice 
water. This svstem, when insulated with glass wool, 
held its temperature over the weekend to within 1 
deg C. The space between the walls (unsilvered in 
these experiments to permit visible observation) was 
pumped to a high vacuum to achieve a low heat 
transfer. Crystallization did not occur until the 








sample was cooled about 3 deg C below its freezing 
point. 

In figure 4 the freezing and melting stages for this 
sample are shown. In the first stage of freezing the 
liquid was thermally shock-seeded at M with some 
powdered solid carbon dioxide. The first crystals 
formed quite rapidly and contained much occluded 
and entrapped material. This portion is shown as 
the hatched area in stage 1. As erystallization con- 
tinued slowly up through the tube, the ervstals that 
were formed, after the initial effects of supercooling 
had been overcome, contained less occluded, or en- 
trapped, material. In the latter stages of freezing 
the purity of the liquid had dropped to such a point 
that the last ervstals were formed in intimate contaet 
with the bulk of the impurity. In the 
2,5-dichlorostvrene, at least some of the impurities 
were colored, so that when the entire mass (100 ml 
was allowed to crystallize slowly overnight (16 hr 
it froze with the mass of impurities concentrated in 
2 highly colored cone at the top. This is shown at 
Z in stage 4. 

It was also noted that as crystallization proceeded 
in stages 2 and 3, the ervstals became larger and 
were embedded in a matrix of smaller ervstals, 
Crystallization with a constant-temperature bath, 
0° C, became progressively slower throughout the 
freezing part of the experiment because of the de- 
crease in thermal head as freezing proceeded. — Pro- 
gressively slower freezing was very desirable in the 
present apparatus as no stirring was emploved and 
the migration of the impurity away from the erystal- 
lized mass was due to diffusion alone. 

After crystallization the tube was inverted and, 
utilizing air at room temperature as a warming bath, 
the erystalline mass was slowly melted during a 
period of 6 to 7 hr. The complete freezing and 
melting experiment thus required about 24 hr. 
Various degrees of melting are shown in stages 5, 6, 
7, and 8. Melting took place in accordance with 
the purity pattern obtained in’ crystallization 
Fractions of 10 ml each were collected. Nearly all 
of the colored material was collected in’ the first 
fraction. The first portion melted contained the 
material in the core at Z and the metcrial near M, 
which was first crystallized by shock-seeding. The 
rate of melting of subsequent fractions became pro- 
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TABLE | Summary of fractional melting * separation of 2,5-dichlorostyrene 
Potal impurity 
Volume Impurity for 
increment perfect Efficiency 
Fractional melting number melted Purity Impurity separation * per stage Present at Removed in 
beginning of | the fraction Remaining 
melting stage 
Vlole Viole Vole ‘ Viole ©; Mole ©; Mole ©; 
FM-! Oto 20 U4. OS 5.02 6. 82 73. 6 1. 364 1. 004 0. 360 
FM-2 20 to 40 a9. 32 0. 68 1. 80 37.8 0. 360 0). 136 224 
eM-3 10 to 69 uy. 46 4 1. ie is. 2 224 108 116 
rM-4 60 to 80 U9. 65 35 0. SS Hi. : 116 O70 046 
FM-5 SU tO 100 WY. 77 2 23 046 
Purity on original sample 98.68 mole percent 
Purity from summation of fractional melts 98.64 mole percent 
On ba of individual fractional melt 
principal transfer of energy into the freezing chamber 2.0 
is through the thermocouple well, K, the seeding 
well, G, and the inner glass tube containing the 
sample, rather than across the space between the 
inner and outer walls (see fig. 2). SISr | 
° . . . . —_ | } 
lable 1 gives a summary of the fractionation data. | & 
The purity values were determined from freezing ws 
points obtained from melting curves [3]. This purity re 
pattern Was obtained on blends of the fractions = 0 — } 
separated from 30 experiments on fractional melting, | = 
sing 100-ml samples of the same stock material of | > 
25-dichlorostvrene [6]. Similar increments of vol- | ¢ | 
me of the sample melted from the different experi- - 
ments were blended. Three determinations of the FM~< 
purity were made by using different experimental | FM-3 
goupings. These values of the purity checked | — FM-4 ae 
those shown in the table. The separation was oLL | | | i eS 
therefore considered representative of this compound 20 40 60 80 100 


mnder these conditions. 

Figure 5 gives the total amount of impurity present 
it the various stages of melting (shaded bar) and 
the amount of impurity removed during the melting 
stage (open bar). FM-1, —2, —3, —4, and —5 refer 
to the fractions collected when 20, 40, 60, 80, and 
100 percent, respectively, of the substance had 
melted 

In figure 6, the percentages of impurity removed, 
based upon the total amounts of impurity present at 
the various stages of melting, are shown. The 
numbers 1, 2, 3,4, and 5 refer to the fractions melted. 
In the first fraction (C in the figure), 73.6 percent 
of the total impurity was removed. This initial 
removal of impurity is attributed to the slow crystal- 
ization * of the material and is not part of the im- 
provement that occurs on fractional melting (Min 
the figure). The blocked lines represent the per- 
centage of the total impurity (expressed in terms of 
the total impurity in the system before each sueces- 
‘ive melt) removed in the fraction. The circles are 
lrawn at the midpoint in volume percent of these 
fractions. The curve for the increase in efficiency 
of separation during the melting operation is drawn 
through these circles and clearly indicates the sue- 
cessive improvement obtained in the fractional 
melting. On fraction 5 the block and curve (broken 
lines) are the expected course of separation of im- 


Schwab and Wichers point out in tl r work on benzoic acid [4] the impor 
« of slow ervstallizatior 


NCREMENT MELTED , VOLUME PERCENT 


Figure 5. Separation 


of impurities from 2,5-dichlorostyrene 


as a function of volume percentage of sample melted. 


Shaded bar, total impurit 


y in system at beginning of melting. Open 


bar, total impurity removed in fractional melt 
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Figure 6. Efficiency 


of separation of impurities from 


? 5-dichlorostyrene by fractional melting. 
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purities if this fraction had been collected in smaller 
This extrapolation was made 


volume increments. 
on the basis of the progressive changes that took 
place between fractions FM-2, FM-—3, and FM-4, 
as shown in table 1 under efficiency per stage. 

Two toxic compounds that decomposed rapidly 
in air were also purified by this method... Each 
compound had an original purity of about 99.7 mole 
percent. The last 50 percent to melt had a purity 
of 99.95 mole percent. Titanium tetrachloride, 
which hydrolyzes rapidly in air and is reactive to- 
ward stopeock greases, was successfully 


processed 
by using the assembly shown in figure 1. 


5. Summary and Conclusions 


Fractional melting consists in slow 
melting of a crystalline mass of a substance formed 
by slow equilibrium freezing. In general, for com- 
pounds that varied in purity from 98.5 to 99.5 mole 
percent, about 75 percent of the total impurity was 
separated in the first 20 percent of the melt. This 
technique of fractionally melting a mass of well- 
defined crystals into a series of fractions of increas- 
ingly higher purity offers the following distinct ad- 
vantages over conventional fractional crystalliza- 
tion techniques: 


equilibrium 
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(1) The entire mass of the substance is fractiop. 
ated into its gross impurities and high-purity ma. 
terial. 

(2) This method is adaptable to the purification 
of small samples frequently encountered in researc} 
problems. 

(3) Fractional melting is 
fractional crystallization alone. 

(4) Many compounds because of their toxicity ! 
and reactivity require that the solid-liquid fractiong. 
tion be conducted in closed inert systems. Ty 
fractional-melting apparatus described in this pape; 
is well adapted to such compounds 


more efficient — thay 
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\ method of beam intensification [2]. 


An improved deflecting svstem for 


a cold-cathode oscillograph is deseribed. 


This 


deflecting system reduces transit-time errors and eliminates errors due to impedance mismatch 


between the si 
\ higt 


Was dey 


voltage pulse 


range 


1. Introduction 

The cathode-ray oscillograph (CRO) is an in- 
dispensable tool in high-voltage surge testing and 
research. However, the requirements of an oscil- 
lograph for his work are somewhat different from the 
requirements of the usual laboratory oscillograph. 
Sensitivit\ not an important factor, as ample 
signal voltage is available. In faet, the available 
voltage is usually limited only by the flashover 
voltage of the fittings on the coaxial cable between 
the source of voltage to be measured and the oseil- 
lograph. 


Is 


High writing speed is essential, as it is necessary 
to record on film single transients of a few milli- 
microseconds duration. This high writing speed is 
attained by the use of high accelerating voltages for 
the electron beam, and in many cases by allowing the 
beam to impinge directly on the photographie emul- 
sion instead of photographing a trace on a fluorescent 
screen. 

Cold-cathode oscillographs of the type described 
by Ackermann {1]' are used in the Bureau’s high- 
laboratory and are entirely adequate for 
ordinary surge work. 


voltage 


However, with increasing interest in studies of 
steep-front voltage the ability to faithfully 
record single transients of approximately 50-mysec 
luration is essential. A resolution of time intervals 
of the order of 1 myusee for the current and voltage 
records is highly desirable in making a detailed 
study of the mechanism of spark breakdown. 


surgves, 


To record such rapid transient variations, a very 
igh writing speed is Also, recording 
trors in the oscillograph, as well as those arising 
from which are not significant at 
ower recording speeds, become important and must 
be reduced or eliminated. Actually, a sufficiently 
igh writing speed was insured by using Park’s 
: Therefore, the 
recording errors introduced by the oscillograph itself 
wd the means adopted for their elimination form 
the basis of the present study. " 


necessary. 


its connections, 


gnal coaxial cable and the deflector 
generator for producing single pulses in the millimiecrosecond 
ised, and its use in testing the improved deflecting system is explained. 


2. Cathode-Ray Oscillograph Recording 
rrors 


Two sources of error of the CRO are of concern 
when very short transients are to be recorded. One is 
the error due to the transit time of the electrons in 
passing from one end to the other of the deflecting 
plates. The other error is caused by impedance 
mismatch in connecting the deflecting-plate circuit 
to a coaxial cable. 

A typical cold-cathode oscillograph uses an accel- 
erating voltage of 50 kv and has deflecting plates 3 em 
long. The velocity of 50-kv electrons is 1.2310" 
em/sec, and the corresponding transit time is 2.44 > 
107-'" The error arising from transit time will be 
5 percent at 600 Me for a pure sine wave.2 For a 
steeply rising pulse the error will be 5 percent for a 
pulse with a rise time of 2.4 musec.’ Although, in 
general, for steep-front surge work, errors due to 
transit time can be neglected, pulses with rise times 
of this order occur and are important in studies of 
spark breakdown. 

The errors arising from impedance mismatch are 
more The capacitance of the deflecting 
plates in the typical cold-cathode oscillograph is 
about 15107" f, and the associated lead inductance 
is about 2 or 3107 h, giving rise to a resonance fre- 
quency of 200 to 300 Me. Hence, for all but some- 
what lower frequencies, disturbing reflections will 
occur, giving rise to a voltage at the deflecting plates 
that may be quite different from the voltage at the 
input end of the cable. Furthermore, steeply rising 
pulses will force the deflecting-plate svstem into 
oscillation. The modification of an oscillograph to 
reduce these errors and the testing of the modified 
oscillograph are now described. 


sec. 


serious. 


3. Redesign of Deflecting Plate System 


One method of reducing the above errors is to 
drastically reduce the size of the deflecting plates. 
The transit time can in this way be reduced by the 


See the appendix, which is a discussion by J. H. Park of transit-time errors 
rhis discussion is an excerpt from an unpublished informal communication 

hese values do not take into account the effect of fringing field at the ends of 
the plates his increases the effective length of the plates and increases the 
rror due to transit time 
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same factor as the reduction in plate length. How- 
ever, as the plates must be moved closer together to 
increase sensitivity and reduce the fringing field, 
errors due to mismatch will not be reduced by the 
same factor. The local oscillations that occur at a 
higher frequency may be unimportant. 

Miniaturization, however, introduces several prob- 
lems. It requires that the diameter of the writing 
spot be made extremely small, and this in turn re- 
quires a short-focus electron lens close to the screen. 
The net result is that only small deflections can be 
emploved, and these must be examined microscopi- 
cally or enlarged photographically. The extent of 
the modifications required by this approach appeared 
to make this solution impractical for our existing 
oscillograph. 

Another method of reducing the recording errors 
is to replace the deflecting plates by 2 traveling-wave 
deflector. A traveling-wave deflector of one type can 
be arranged as a segment of a transmission line that 
periodically passes back and forth across the axis of 
the beam [3,4]. This segment of the line can be so 
designed that the phase velocity of a wave along the 
axis of the deflector is the same as the velocity of the 
electron beam. Also, the deflector can be designed 
to match the impedance of the connecting signal 
coaxial cable up to very high frequencies 

A distributed constant line of this type, shown in 
figure 1, was installed in an oscillograph. The de- 
flector consists of a single slotted plate or flat ribbon 
mounted asymmetrically between two ground plates. 
The electron beam is deflected by the field between 
the ribbon and the more remote ground plate. Ifa 
a single ground plate had been used, the spacing 
necessary to obtain the required capacitance would 
not have been sufficient to admit the electron beam. 
The deflector was designed to have an impedance of 
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52 ohms. The 52-ohm input cable entered th, 
oscillograph housing and was connected to the uppe 
end of the deflector. To provide a suitable terming. 
tion, a second 52-ohm cable was connected to th 


lower end of the deflector. The cable was brough; ? 


out of the oscillograph and was terminated with , 
52-ohm resistor corresponding to its characterist) 
impedance 


ye , > ' 
Figure 2 shows an oscillogram of an 18-Me way 


that was obtained with this deflector. The asyp. 
metry of the positive and negative half-eyeles arises 
from the magnetic field caused by the current along 
the deflector ribbon to the terminating cable. Thy 
component of the magnetic field normal to the plan 
of the ribbon gives the electrons a velocity componen 
in the sweep direction. This error increases as tly 
beam is deflected toward the ribbon (that is, fo, 
positive deflections because the magnetic field Is 
stronger hear the ribbon In designing or using any 
traveling-wave deflector, the effeet of the magnet) 
field must be carefully evaluated. This deflector 
was removed from the oscillograph and replaced by 
the deflector shown in figure 3. . 





Fret Rt 7 Ose illogram ol an 18- Vie sine wave obtained u 
the deflector shown in fiqure 1 
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A deflector of this type is difficult to analyze 
quantitatively . However, to a first approximation, 
it may be considered as a three-section low -pass filter. 
The capacitive elements of the filter arise from the 
three plates, each 1 em long, supported parallel to 
and 0.5 em distant from a grounded plate. The 
electron beam travels between the grounded plate 
and the three plates in succession. The inductive 
elements are the segments of the “‘line’’ between the 
plates that protrude to one side. In this way the 
current-carrying elements are kept away from the 
electron beam.’ 

To the extent that the deflector can be considered 
as a low-pass filter, values of inductance and capaci- 
tance per section were computed to be 2.35 107° h 
and 0.88107 f, respectively. From low-pass 
filter-design equations, the characteristic impedance 
was computed to be 52 ohms. Subsequent tests 
showing no appreciable reflections proved this to be 
close to the true value. The cutoff frequency was 
computed to be 7,000 Me (cutoff frequency =1/x 
\LC). At frequencies substantially below cutoff, 
the time of travel of a wave through the filter is given 
by the equation T= LC, where T is the travel 
time per section, 

Substituting the values of L 
above, T—0.455 10 sec section, or 1.36 
for the entire deflector. The electron transit 
is 2.44107" see y - 

This design of course is somewhat of a compromise. 
The wave velocity could be decreased by Increasing 
L or (' or both, but this would result in a decrease 
in the cutoff frequency. In addition to the error 
arising from mismatch of the wave and beam veloc- 
ities, there also exists the error due to the time of 
transit of past the individual deflecting 
plates. 


and € computed 
ie 


time 


sec 


(see section 


electrons 


Input and output cables were connected to the 
three-plate deflector in the same manner as for the 
first ribbon deflector. Oscillograms of sinusoidal 
voltages made by using the three-plate deflector 
showed no asymmetry, as the line current for this 
case Is at a relatively large distance from the electron 
beam as compared with the ribbon plate deflector. 

Further tests involved comparison of this oscillo- 
graph with an unmodified oscillograph. 

Two cold-cathode oscillographs were available. 
One was unmodified, except for the beam intensifica- 
tion and faster sweeps that had been added. The 
other, also provided with beam intensification and 
laster sweeps, had been modified by substituting the 
traveling-wave deflector (and matched terminating 
cable described above and shown in figure 3. 

Comparison of the two oscillographs was made by 
applying a short high-voltage test pulse to each, 
observing the reflections resulting from discontinui- 
ties, and looking for shock-excited resonance effects. 


It should be noted that reflections from any dis- 
continuity between the input end of the cable and 
the cable termination will have an adverse effect on 
the recorded waveshape. Possible sources of re- 
flections are: cable fittings between the input end of 
the cable and the oscillograph, the input connector 
to the oscillograph, the deflecting system, the output 
connector of the oscillograph, and the termination 
itself if it is electrically close to the oscillograph. 

If the test pulse is steeper, that is, bas Fourier 
components of bigher frequency, than any pulse 
for which the oscillograph is commonly used and if 
the magnitude of the reflections is only a small 
percentage of the incident pulse, then it can be as- 
sumed that the recorded waveshape of slower 
transients will be very nearly the true shape of those 
transients. 

Because the sensitivity of the oscillograph is about 
300 v/em, the amplitude of the test pulse should be 
500 to 1,000 v.. The pulse should preferably be very 
short to facilitate identification of reflections. The 
rise (or decay) time should be less than 1 mysec 


4. Method of Generating Short Pulses 


The first attempt to generate a suitable test pulse 
was to charge a short length of transmission line to a 
potential of 2,000 to 3,000 v, and then discharge 
this line by means of a suitable switch into the 


transmission line connected to the oscillograph. 
The switch used was a spark gap (‘‘pulse gap’’) 


triggered by the ultraviolet light from an auxiliary 
spark gap [9] (or “trigger gap”). It was found that 
the average time that could be obtained in 
this manner was 2 to 4 107° Because of the 
time required for the current to build up in the pulse 
gap, a small capacitor is as effective as a short length 
of transmission line, and one was substituted. 

The comparatively slow rate of rise can be partly 
attributed to the fact that there is little if any over- 
voltage on the pulse gap at the time of sparking. 

If a high overvoltage is suddenly applied to the 
gap during the time that a copious supply of photons 
is available from the trigger gap, the pulse gap 
should fire much faster, giving a faster rate of rise. 
A special circuit shown in figure 4 was devised to 
provide the needed overvoltage. 
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Schematic diagram of voltage-doubling type of pulse 
generator. 
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Pulse gap 3 is adjusted to be slightly longer than | rise time, a much more elaborate device would bp} 
gap 2. The sparkover voltage of gap 2 is determined | needed [10]. It seemed expedient, therefore. to 
by raising the charging voltage gradually until gap | accept a rise time of 2 to 4 107° sec, but to obtain | ¢¢ 
2 fires gap 2 1s adjusted so that this breakdown 2 steeply falling pulse by chopping off the Puls 2 
voltage is usually about 2,500 v For the actual | obtained by discharging a capacitor through a Singh 3 
tests the charging voltage is adjusted to be 50 to 100 5 rap This was ace ‘omplishe “( by assembling : L Puls, 
below this breakdown voltage. When gap 1 (the | generator in which another gap is arranged to fiy 


trigger gap) fires, gap 2 fires immediately, doubling | on the rising front of the pulse, so that it will shor.) 2 
the voltage on gap 3. An example of the pulse ob- | cireuit the transmission line to the oscillograph 
tained is shown in figure 5. This pulse has a rise time | This offers the advantage that the chopping gap may 7 
of 1.5 107° see and a pulse width of 10 10-" see. | be subjected toe ‘xceeding|y high overvoltage so that 
The recorded “hash” before the pulse is a transient | it will break down very rapidly. It also has thy 
from the firing of the trigger gap and can be largely | advantage that the current drawn by the chopping 
eliminated by electrically shielding the gaps. It | gap during its early stages of breakdown merely 
indicates how rapidly gaps 2 and 3 fire after trigger | decreases the apparent rise time of the pulse FIG 
gap 1 fires. This oscillogram was obtained by using Furthermore, as rise time is relatively less | impor- 
the modified oscillograph. tant if a relatively more steeply falling pulse ea 


It was decided that, in order to obtain a faster be obtained, a larger capacitor can be used to insur 
retention of a higher voltage across the gap during 
the breakdown process. 

Pulses obtained in this way are shown in figure 6 
Pulse width and also pulse amplitude can be con- 
trolled by adjusting the chopping gap so that 
fires on the front or the tail of the wave For th 
pulse oscillograms in figures 6, a, and 6, b, the spacing 
was about 0.001 in. For the oscillograms in fivures 
6, ¢, and 6, d, the spacing was increased. Once the 
chopping gap is set, the pulses repeat well, both in 
amplitude and duration. 

Typical values obtained are: amplitude 800 v, ris 
time 2 to 4 107° sec, and pulse width 4 to 1010 




















) -02 .04 .06 .08 .10 sec. The decay time is difficult to measure, but is 
MICROSECOND probab ly of the order of 2 to 5 107" see. Figure 7? 
Fieure 5 Oscillogram of pulse obtained b ng p is a circuit diagram, and figure 8 is a drawing of th 
generator shown in fiaqure 4 pulse vrenerator. 
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= Fi y A | 
ast J Y 4 when the test pulse is applied to the modified 
i | Siem 4H?s Y oscillograph. The most prominent reflections in 
= i | figure 10, a, occur 0.010, 0.032, and 0.052 usee after 
° ; » tome ot. 4] . By 
Ss « 4 : . = 
| the steeply falling portion of the pulse y com 
f 38 at f paring with the travel times in figure 9, a, it is seen 


that these reflections can be identified as follows: 

1. The pip at 0.010 usec is a reflection of the main 
pulse from the output terminal of the oscillograph 
yeasts , back to the deflector. It is born 0.005 ysee after 

the main pulse reaches the deflector and arrives at 
| the deflector 0.005 usec later: 














(0.005 +0.005=0.010 usec. 


2. The pip at 0.032 usec arises from a reflection at 
the input terminal of the oscillograph. The .pip is 
born 0.005 usec before the main pulse reaches the 
Fiaure 8. Pulse generator (for schematic diagram see fig. 7). | deflector. It proceeds back to the pulse source 
Detail A. trigeef gap. T! p irradiates the sphere and chopping gaps where it sees a low impedance due to the residual 
ionization in the pulse gaps, is reversed in sign, and 
travels back to the deflector: 





5. Results of Tests 
0.005 + 0.016 + 0.016 + 0.005 =0.032 usec. 
The modified and unmodified oscillographs were 
compared by using pulses of the type shown 1n 3. The pip described in 1 above travels back to 
figure 6. Representative diagrams for the test the pulse source, Where it encounters an open circuit 
setups are shown in figure 9. The lengths of cable | and is refleeted back to the deflector: 
are indicated, and below each cable is shown the 


one-wav time of travel of a pulse along that cable 0.010+-0.005 + 0.016 +- 0.016 + 0.005 =0.052 usec. 
length. These travel times were determined by 

measuring the time interval required for a reflection It will be seen from figure 9, a, that the time of 
to reach the oscillograph from a discontinuity ata travel from the oscillograph to the termination and 
known distance from the oscillograph. A value of | return is greater than the sweep length in figure 10, a. 
632 ft/usee was obtained for the velocity of | Hence this oscillogram does not show any reflections 
propagation. from the termination. Figure 10, b, shows the results 


Figures 10. a. and 10, b, show the results obtained | when a longer sweep is used. Here the pip occurring 
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at 0.142 ywsee results from a= reflection at the 


termination 
0.005 + 0.066 — 0.066 — 0.005 = 0.142 user 


The pip at 0.184 ywsee is the 0.142 usec pip after 


it has traveled to the source and returned to the 


deflector: 
0.142 + 0.005 — 0.016 — 0.016—+— 0.005 — 0.184 usee 


Figures 10, ¢, and 10, d, show the results when the 
test pulse is applied to the unmodified oscillograph 

In Figure 10, ¢, the termination was directly at the 
deflecting plates The deflections occurring at 0.064 
usec are first reflections from the deflecting plates and 
termination to the source and return. The waves at 
0.128 usee are second reflections (see fir. 9. b 

Figure 10, d, shows the results when the termina- 


tion is at the end of an S85-ft cable This cable is 
long enough that no reflections from the termination 
will occur during the time of the sweep. The waves 


at 0.064 usec are first reflections from the deflecting 
plates only, to the source and return. Waves at 
0.128 uwsee are second reflections The serious dis- 
continuity that exists at the plates is quite apparent 
The capacitance of the deflecting plates and their 
associated inductance are forced into oscillation, and 
some of this voltage is coupled into the sweep circuit, 
as evidenced by the fact that the trace is not always 
single-valued 

Comparison of figures 10, ¢, and 10, d, shows that 
the reflections occurring at 0.064 and 0.128 usee are 
about the same amplitude in the two oscillograms 
This is to be expected because the termination is 
nearly matched to the cable and its replacement by 
2 length of cable does not greatly uffeet the dis- 
CODUDUILY 

In figure 10, ¢, the amplitude of the local osecilla- 
tions is lower than in figure 10. d. because the ter- 
minating resistor (in fie. 9, b) is in series with the 
local oscillating circuit, and its effective resistance at 
these high frequencies Is apparently higher than the 
effective resistance of the 52-ohm cable used to re- 
place it in figure 9, ¢, the arrangement for which the 
record in figure 10, d, was obtained 

The charging voltage and yup adjustme nt of the 
pulser were kept, is nearly iis possible, the Sie for 
pulses in figures 10, b, and 10, d. Also the sweep 
lengths ure not greatly different Furthermore, in 
each case the termination is at a considerable distance 
from the oscillograph Because ol the sinall Mmagni- 
tude of the reflections in figure 10, b, we can assume 
that the shape of the pulse shown in figure 10, b, is 
not only a true representation of shape of the pulse 
venerated by the pulser but is also of eorrect aimpli- 
tude The creat ipprovement in recording obtained 
by the use of the three-plate deflector with suitable 
terminations as compared with the unmodified de- 
lector with single plates is made evident on compar- 
ing the records in figures 10, b. and 10. d 
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connectors 

It is apparent from figures 9, a, and 10, a, that dis- 
continuities at the input and output connectors of 
the modified oscillograph were present when these 


records were made. The connectors were “hybrid” 
connectors made in order to insure a vacuum-tight 
entry for the cable into the oscillograph. These 


hybrid eonnectors were subsequently replaced with 
fittings (pressurized bulkhead 
adapters), and the improvement obtained by this 
change is shown in the records of figure 11, where the 
corresponding discontinuities in the trace are greatly 


constant-impedance 


reduced 
6. Conclusions 


1. Single transients of a few millimicroseconds 
duration ean be faithfully recorded with a= cold- 
cathode oscillograph if the deflecting system Is aup- 


propriately designed and beam intensification is used 

2. For faithful at high writing 
the deflecting (RO should be 
as a traveling-wave deflector properly matched to the 


recording speeds, 


svstem ol desizned 


signal-cable impedance. The design should insure 
that the maenetic field from the traveling wave of 
current is small in the region traversed by the electron 
beam 

3. A simple pulse generator has been developed 


that will produce short high-voltage pulses of 
closely repeatable As is demonstrated 
in this paper, such a source of pulses, together with 
well-established transmission and reflection theory, 
provide a reliable basis both for comparing the high- 
speed performance of CRO’s and for identify Ing and 
eliminating of reflection in’ the 


very 
wavetorm 


Sources connected 


circuits. Distortions arising in the CRO records 
from circuit reflections of transients are readilv 
discernible to a resolution within the millimicro- 


second range. 

1. Lacking a better and more faithful recorder of 
very short transient voltages for comparison with 
the cold-cathode CRO equipped with beam intensifi- 
cation and traveling-wave deflector, the of 
pulses from the high-voltage pulse generator appears 
to provide the best method for verifying the re- 
cording reliability of this very high writing speed 
oscillograph. 


use 
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8. Appendix * 
By J. H. Park 


8.1. Deflection Error Due to Electron-Beam Transit 
Time 


In slow-speed oscillography, the voltage applied 
the deflection plates may be considered to be 
constant during the short time it takes for one 
electron of the beam pass through the deflecting 
field (transit time), and the deflection on the screen 
is at all times directly proportional to the deflecting- 
plate voltage. However, as the rate of change of 
the deflecting-plate voltage is increased, a value will 
be reached such that the deflecting field will change 
an appreciable amount during transit time, and the 
deflection on the sereen will not continue to be 
proportional to deflecting-plate voltage. The meas- 
urement error thus introduced depends upon (1) the 
time interval over which a change in voltage is to 
be measured, and (2) beam transit time. For certain 
functions of applied voltage, this transit-time error 
can be determined from theoretical considerations. 
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A schematic diagram indicating how an electron 
beam is deflected during and after passage between 
a pair of deflecting plates is shown in figure 12. The 
voltage to be measured, /=/(t), is impressed upon 
the deflecting plates. The electron beam has a con- 
stant velocity in the s direction, V,, which is pro- 
portional to the square root of the total voltage used 
in accelerating the electrons before they pass through 
the deflecting plates. Each electron of the beam, 
while passing through the electric field between the 
deflecting plates, will be given an acceleration in the y 
direction, which at every instant is proportional to 
the voltage applied to the plates, A. While the beam 
is passing between the plates it will be given a small 
deflection, yo, in the y direction, but the deflection, 7), 
at the sereen, is the quantity being measured, and 
its magnitude is determined mainly by the velocity, 
\’,, imparted to the electrons while passing between 
the plates. Deflection yo will be small compared to 
D, provided L>/; thus to a close approximation 


D=L tan A= L,.’> | 


A foree in the y direction 1s exerted on each electron 
while it passes between the plates, which at any 
instant is equal to the product of the charge on an 
electron, e, and the electric field, A/d, at that instant. 
Thus the instantaneous acceleration of each electron 
may be expressed as 


d 7 | a 
dt md 


where m is the mass of an electron. The velocity, V 
of an electron in the y direction, just as it leaves the 
deflecting-plate field, may be expressed as the integral 
of acceleration over the time of travel between the 
plates, r=/ \.. The deflection of the beam on the 
screen is determined by its two velocity components 


at the time it leaves the deflecting plate field. 
Calling this time ?¢’, 
; ele 
| dt ) 
e md 
and 
4 
D=\; “| Kedt 
| md, 
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For / constant, or for rates of change of F such) 
that it can be considered constant over the short 


time, 7, the deflection becomes j 
LeE eLl , = , 

FE T — J - 

/ | A md mdV° f Al ‘ 


which is the familiar form used in low-speed osgej).| 
lography. 
For K= EK 


sin wt the integral in eq (4) becomes 


edt Eo | sin wtdt 


' *? 
« . 


The deflection, D), for E= ky 


“06 ° WT a 
-sin , sin w(t si 


WwW _ 
sin wt becomes 


+ ») _ 


D=K’E, sin o( t’/—5) ~ sin <, i 


where A’=eL/mdl. 

Transit time, 7, isalways verv small. For values of 
frequency such that #7<0.05, eq (6) becomes th 
same as eq (5). As the frequency of the signa 
applied to the deflecting plates increases a valy 
will be reached where the transit-time error is appreci- 
able. The error consists of a lag in phase and a 
attenuation, both of which are a function of the prod- 
uct wr. When a steady high frequency 
measured, the phase shift is of little consequence 
but the attenuation imposes a limit on the maximum 
frequency that can be accurately measured. A graph 
of this attenuation plotted against the frequenc 
being recorded is shown in figure 13 for various 
values of oscillograph transit time, +. 

When a steeply rising voltage 
measured, the voltage applied to the plates may by 
taken to be A= st, with H=0 for negative values of 


is being 


pulse is’ being 


t. The integral in eq (4) must then be taken in 
two steps 
"é . B .'t=0 B ‘t=t 
Bidt- Btdt f f +" f 
. , - 2 f r » f=) 
3 F Br’ 
f Dt + r-)4 
) ) 
Kor t’ r, the first integral is zero, so the deflectior 
becomes \ 
Z ( - /’ 
D) ; rB KB 7 
V.md 27 2r 


For a T both integrals mist be taken, and then 
sum is 6r(t/—7/2), and the deflection for t’ 
becomes 
Dait * (v—2)=-Ke(r—2} sw 
’ md ° 2 2 


The difference between the deflection 
obtained on an oscillograph With transit time 7 and 


that which obtained with zero transit ) 


percentage 


would be 
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time, i. e., the percentage error due to transit time, | over which it is desired to measure the change in) Jourt 
becomes voltage, and it has been assumed that the voltag, 
varies linearly with time over this interval. From } Di 
eq (9) it is seen that for measurements of change jy ] 
) 


Kpt’—kKs 4 voltage over time intervals, t’, equal to or less thay 

ana Oe ( —. ) 100 9) | the electron-beam transit time rt, the errors will }y 

Apt =7 very large (50 percent or greater For t’>r, as 

seen from eq (10), the transit-time error decreases ac 
for t/<r, and time interval ¢’ increases. In order to keep errors to | 


within 5 percent, the transit time, 7, must be 1/19 
; or less of the time interval, t’, over which a change }; 
Apt’ KB ( t- = ) s voltage is to be measured. Curves of error in per. } 
— 100=—, 100 10 centage, plotted against time interval ¢t’, are show 
Kt =! in figure 14, for several values of transit time r. 


for t’>r. In this derivation, t’ is the time interval Wasatneton, April 11, 1956. 
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Research Paper 2705 


Dissociation Constant of Piperidinium Ion From O° to 50° C 
and Related Thermodynamic Quantities 


Roger G. Bates and Vincent E. Bower 


The acidic dissociation constant, A,, 


of piperidinium ion has been determined at 5- 


degree intervals from 0° to 50° C from measurements of the electromotive force of hydrogen- 


silver chloride cells without liquid junction. 
, 2105.6 
= log K, T 


where 


—6.3535 


T is the temperature on the Kelvin scale. 


The results are given by the equation 


0 O0O76865T, 


Appreciable ion-pair formation between 


piperidinium ion and chloride ion was postulated in order to explain the mode of variation 
of the apparent dissociation constant with ionic strength. 
The changes of heat content, entropy, and heat capacity for the dissociation reaction 


have been calculated from the temperature coefficient of the dissociation constant. 
the acidie dissociation of piperidinium ion at 
deg™! 
corresponding values for the basic dissociation of piperidine at 25 
283 j deg-! mole, 


AH 53.390 J mole~!, AS 33.9 j 


AS 14.3 j deg-! mole! and AC 
1. Introduction 
Although the dissociation and related thermo- 


dynamic constants for many uncharged weak acids 
and dipolar ions (ampholytes) have been the subject 
of extensive investigations, very little is known con- 
cerning the ionization behavior of uncharged weak 
bases or their conjugate acids of charge +1. This 
sevident from the summaries given by H. 8S. Harned 
and B. B. Owen [1] and by R. A. Robinson and R. H. 
Stokes [2].'. The temperature variation of pA, for 

} uncharged or negatively charged acids in water 
and for both modes of dissociation of 19 ampholytes 
s found in the recent list of Robinson and Stokes, 
vet data for only five weak bases studied with the 
same degree of care and thoroughness are given. 

These bases are ammonia, the three methyvlamines, 
and ethanolamine. Two others, ethylenediamine 
and hexamethvlenediamine, have been added by the 
work of Everett and Pinsent [3], but the list is still 
too brief and restricted to justify any correlation of 
dissociation behavior with structure. 

The strongest of the seven uncharged bases for 
which the thermodynamic properties are presently 
available (namely, dimethylamine) is only 34 times 
is strong as ammonia. Unlike these seven, piperi- 
aine, 

CH CH CHa, 


N 

H 
3a evelic base and is about 75 times as strong as 
ammonia. The acidie dissociation constant of 


piperidinium ion, that is, the equilibrium constant 
lor the reaction Cs;H,yoNHS<SC;HyNH + H?*, has now 


Figures in brackets indicate tl terature references at the end of this paper. 





For 

25°, the following values were obtained: 
mole~!, and ACS==88 j deg"! mole~!, The 
are AH 3,170 j mole, 


been determined at 5-deg intervals from 0° to 50° C 
by measurement of the electromotive force of cells 
of the type 


Pt: H.(g, 1 atm), CsHyNH-HCl (m), 
C;HiNH (m), AgCl; Ag. 


The changes of heat content, entropy, and heat 
capacity for the dissociation of piperidinium ion have 
been calculated from the temperature variation of the 
dissociation constant. 


2. Experimental Procedures 


The method used was essentially that of Harned 
and Ehlers [4], with certain modifications made 
necessary by the volatility of the solute, the forma- 
tion of complexes between silver chloride and the 
base, and the rather extensive dissociation of 
piperidine in water.’ 

The partial pressure of piperidine from its 0.107—M 
aqueous solution was measured by the dynamic 
method and found to be 1.2 mm at 25° and 2.1 mm 
at 50° C. The volatility was thus sufficient to 
require the use of the triple saturators in series with 
the cells [5]. However, if the presence of piperidine 
in the vapor phase were not taken into account in 
correcting the emf values to 1 atm of hydrogen, an 
error of only 0.05 my would be incurred for the most 
concentrated solution (m.=0.09678) at the highest 
temperature (50° C). The small corrections were 
calculated, where applicable, with the aid of Henry’s 
law, on the assumption that the constant of this 


law varies linearly with temperature between 25° 
and 50° C, 


lhe changes in experimental techniques, as well as the corrections for vola- 
nd for solubility of the electrode, have been described in two 
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The solubility of silver chloride in a 0.1—\/ solution 
of the base was determined as formerly [6] and found 
to be about 46 percent as large as in an equally 
concentrated solution of ammonia. The figure cal- 


culated from the stability constants given by 
Bruehlman and Verhoek [7] is 48 percent. The 


correction for complex-ion formation could therefore 
be safely omitted. Furthermore, transfer of silver 
ion to the hydrogen electrode took place so slowly 
that the large stopcocks separating the electrode 
compartments [5, 6] were also dispensed with. 

Three samples of piperidine were prepared by 
purification of commercial material graded “CP” 
and “Purified.””, Sample 1: The base was distilled 
from sodium hydroxide pellets and then redistilled 
with rejection of the first and last tenths of the 
distillate. Sample 2: A portion of the first sample 
was partially frozen and the last 5 percent of liquid 
rejected. The piperidine obtained in this way was 
redistilled. Sample 3: A portion of the second 
sample was twice redistilled, with rejection of the 
first and last fractions. 

Aqueous solutions of these three preparations of 
piperidine showed absorption peaks at 260 myx, 
indicative of the presence of small amounts of 
pyridine. If all of the absorption at this wavelength 
was due to pyridine, with a molar absorption index 
of 3,160 [8], the three samples contained 0.6, 0.6, and 
0.3 percent, respectively, of pyridine. <As_ the 
strength of this base is only 1/10° that of piperidine, 
pyridine can be regarded as an inert impurity at 
high pH values. The concentration of piperidine in 
the stock solutions was determined by titration with 
standard acid to the end point of phenol red, pH 
about 7.2. At this pH, only about 1 percent of the 
pyridine impurity would be neutralized; hence, the 
pyridine present could cause an error of not more 
than 0.01 percent in the concentration of piperidine 
determined by titration. 

The preparation of the electrodes has been de- 
scribed elsewhere [9]. The solutions in the cells were 
made from analyzed stock solutions prepared from 
piperidine, twice-distilled hydrochloric acid, and 
water that had been de-aerated with nitrogen. 
Seventeen different solutions were studied. 

The emf of the cells was measured initially at 25 
C before the temperature ef the water bath was 


lowered to 0° C for the beginning of the 0° to 25 
series of measurements. Most of the cells were 
refilled before the measurements from 25° to 50 


C were begun, giving two “initial’’ emf values at 
25° C for 11 of the 17 solutions. The mean difference 
between the duplicates was 0.08 my. Although 
each series of measurements was completed in 8 hr, 
a comparison of initial and fimal values at 25° C 
usually revealed a decrease of emf, most pronounced 
at the high temperatures and with the relatively 
dilute buffer solutions. Corrections were applied 
when this irreversible change exceeded 0.1 mv. In 
the four extreme cases, the correction amounted to 
0.40, 0.57, 0.57, and 0.80 my at 50° C 


3. Results and Calculation of the Dissocig.) 7: 


tion Constant 


The corrected values of the emf, /. for a partial 


pressure of 760 mm of hydrogen are summarized jy? 


table 1. 
The cell reaction is 


$H2(g) + AgCl(s) = Ag(s) + H*(aq) + Cl 


(aq). 


Production of electrical work by the cell is therefore 


accompanied by the formation of hydrogen and? 


chloride ions in the aqueous piperidine buffer gsoly. 
tion. Taking into account the reaction of piperidine 
with water, one may write the following expresso; 
for AK,, the thermodynamic constant for the acidi 
dissociation of piperidinium ion: 


—log Kk; log K,—By’=pwH- 
: 9 j 
log = Mon —_ 2A Vu 
. Mh» Mon l + Ba* yu’ 


in Which A and B are constants of the Debye-Hiickel 
equation, a* the ion-size parameter, and_ the 
prime marks indicate “apparent” values that become 


Is 


exact in the limit of infinite dilution, n=04 Th 
quantity pwH is defined by 
E— ES 

pwH t-log Mea-, 2 


2 3026 RTF 


where £° is the standard potential of the cell [10 
and R, 7, and F have their usual significance. Th 
apparent concentration of hydroxide ion in terms of 
pwH and A,, the ion-product constant for water, is 


log A,,+pwHhH, 3 


, 
log Mion 


and the apparent ionic strength is 


, 


A My 


= 


Mion 


It is expected that a plot of the values of —log A, 
obtained by eq (1) as a function of ionic strength will 
be a straight line easily extended to p=O0, if th 
proper choice of a* is made. For strong electrolytes 
the value of this parameter exceeds 3.5 A, and lower 
values suggest incomplete dissociation. 
was used In eq (1), the plot of log Ki as a functior 
of ionic strength had the definite curvature show 
by the dashed line in figure 1. The curve remaine 
concave downward for all values of a* exceeding 
at which point approximate linearity was reached 
The unusually small values of a*, decreasing as the 
basic molecule becomes larger, found for other nitro- 
gen bases may indicate that the hydrochlorides 0 
these bases are present partly as ion pairs even Il 
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TABLE |. Electromotive forces of the cells Pt: He (g, 1 atm), CsHigpNH+HCL (mm), CsHipNH (mg), AgCl; Ag from 0° to 450° C 
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these rather dilute solutions. For example, a value 
of +2 has been found for ammonium ion [5], +1 
for ethanolammonium ion [6] and_ tris(hydroxy- 
methvl)ammonium ion [11], and —2 for triethanol- 
ammonium ion [12]. 

Although a negative value of a* does not preclude 
an accurate extrapolation to log Ag, it seemed de- 
sirable to allow for the presence of ion pairs. This 
was done by fixing a* at 4 in eq (1) and choosing by 
trial a value of Ay, the dissociation (instability) 
constant of piperidinium chloride, that would vield 
a straight-line plot of log . The computation 
was thus essentially an evaluation of the true 
molalities of chloride and piperidinium ions, me;- 
and myp+, for use in eq (2) and in place of the stoichio- 
metric m, in eq (1) and (4 

From the mass-law expression for the ig 

} 
| 
| 





equilibrium, 


>). ~ | . - 

Me May p y2km,+h —hk, (5) 
| 
| 
| 

> 
FiatreE 1. Plot of og Ki as a funetion of ionic strength 
al 25° © 

\W nt co ! 1 piperidiniu hloricde jut ’ | 
\ i l ‘ 


where k& is written for } K;,/f?. The activity coef- 
ficient, f, of an “average”? univalent ion was esti- 
mated by the Debve-Hiickel expression with an ion- 
sized parameter of 4, and that of the ion pair was 
taken to be unity. It was necessary to use the 
method of successive approximations to obtain 
Mea- by eq (5), as a value for the ionic strength is 
needed to evaluate k. 

The value of —log Ki was found to be a linear 
function of the ionic strength when Ky was given the 
following values: 0° to 25° C, 0.8; 30°, 0.7; 35° and 
40°. 0.6: 45°, 0.5: and 50°, 0.4. The circles and lower 
line in figure 1 are a plot of the data at 25°C. The 
values of —log A, given in table 2 were determined 
from large-scaled plots of this type. The constant, 
K,, for the basic dissociation of piperidine, P+ 
H.O—HP*++OH-, is also listed in the table. It is 
K,,/K,, where K, is the ion-product constant for 
water [1]. An accuracy of 40.005 in log K, and 
log Ay is estimated. The values of —log K, at 15° 
and 25° C are higher by about 0.06 unit than those 
found by Wynne-Jones and Salomon [13] (11.38 and 
11.06, respectively), whereas that at 25° C (11.123) 
is in excellent agreement with 11.13 cited by Hall 
and Sprinkle [14]. 


4. Heat Content, Entropy, and Heat Capac- 
ity of the Dissociation Reaction 


The values of —log A, at temperatures (7°) from 


273.16° to 323.16° K (0° to 50° C) given in table 2 
can be represented by the equation 

- 2105.6 cous ee : 

log A,= 6.3535 —0.00768657 (6, 


T 


with a standard deviation of 0.002. By application 
of the usual thermodynamic formulas, therefore, 
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TABLE 2 Dissociation constants of piperidir } or A , 
piperidine (kh, 
remperature eh, oe A 

( 
0 11.003 2 O80 
5 11. 786 2 4s 
10 11. 613 2 922 
15 11. 443 2 40 
20 11. 2Jso 2 SS 
2. 11. 123 2.873 
+“) 10. u74 2 S5u 
$5 10. SIS 2. 862 
i) 10. 670 2. St 
| 10. 52 2 S70 
“) 10. 384 2 87S 


the following expressions for the standard changes of 
heat content (A//°), of entropy (AS®°), and of heat 


capacity (ACS) for the dissociation reaction are 
obtained: 
AH®=2.3026R (2105.6+-0.0076865 7°"), (7) 
AS® =2.3026R (0.015373 T— 6.3535), (8) 
ACS =2.3026R (0.015373T (9) 


To obtain the figures given in table 3, 2? was taken 
to be 8.31439 j mole~!; the results are accordingly 
in joules. The corresponding quantities for the 
basic dissociation of piperidine at 25° C are A/T° 

3,170 j mole~', AS® -44.3 j) deg™' mole and 


10 9e9 ;: 
ACS 283 j deg™' mole. 
TABLE 3. Thermodynamic quantities for the acidic dissociation 
of pipe ridinium ion from O° to 50° C 
Temper- AH AS \¢ 
iture 
c mole led mole le 1 
0 51. 200 41.2 st) 
5 51.700 30.8 x2 
lo 52, 110 38.3 S3 
15 52. AS 36S ~ 
2 52, O60 35.4 sh 
25 53, 390 33.0 SS 
x) 53, S30) $2.4 SY 
35 54, 280 31.0 a] 
1) 54, 740 20.5 42 
45 55, 210 a 0) O4 
MO 55, 680 5 YF 


5. Discussion 


It has been shown [15] that the method used here 
cannot usually furnish accurate values for the dis- 
sociation constants of acids with A, >0.005, as a 
consequence of the uncertainty in establishing the 
hvdrogen-ion concentration and, hence, the buffer 
ratio. A determination of the strengths of very 
weak acids (moderately strong bases) encounters a 
similar difficulty in establishing the hydroxide-ion 
concentration. It is noteworthy, however, that this 
restriction may be less important for moderately 
strong than for moderately strong acids. 
This is because the estimation of moy— depends upon 
a ratio of the activity coefficients of two univalent 


bases 
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and anions 





see footnote 4), a quantity that may be} 
nearly unity even at ionic strengths well above th, 
Debye-Hiickel region. On the other hand, thd 


necessity of selecting arbitrarily an ion-size param. 


eter for the computation of my+ limits severely th? 


accuracy with which A, can be established whe 
more than 10 percent of the acid is dissociated, 

The dissociation of singly charged cation acids 5 | 
an isoelectric process, and the thermodynamic cop. 
stants for these reactions are accordingly of unusug) 
interest. The heat content change for the dlissocia. 


tion of piperidinium ion differs by only slightly more ? 


than 1,000 } mole”! from that for ammonium jo 
and by than 3,000 j from that for ethanol. 
ammonium ion. That the entropy change (—34 
deg~' mole~') is larger than that found for any othe; 
base vet studied suggests that the evelie structuy 
of the piperidinium ion interferes with extensiy; 
solvent orientation. 

The heat-capacity change for an isoelectric process 
might be expected on electrostatic grounds to by 
quite small, and indeed ACS for ammonium io 
[5, 16] and ethanolammonium ion have been found 
to be nearly zero. Nevertheless, the values found 
for the methyl-substituted ammonium ions [17] an 
positive and rise with increasing substitution of 
methyl groups from 33 j deg™! mole! for mono 
methvlammonium to 183 j deg™' mole~! for tri- 
methylammonium. Other acids of this charge type 
have given the following positive values: ethylenedi- 
ammonium ion, 73 j [3]; hexamethvlenediammonium 
ion, 34 j [3]; and piperidinium ion, 88 j (this investi- 
gation). The highest of these values is about as 
large as that found for many uncharged acids, but 
is of opposite sign. 

Orientation of the solvent molecules by the ions 
should affect both AS° and ACS in the same sensi 
and the contrary variation of these two quantities is 
evidence that the dissociation cannot be explained 
on a simple electrostatic basis even when solvent 
orientation is considered [18]. It is evident that 


less 


~~ 


charge type, the interaction of ions and molecules | 


with the solvent, and electrostatic, steric, and sta- 
tistical effects must all be taken into account in an 
interpretation of the thermodynamics of acidic dis- 
sociation [3, 18]. For all but the simplest reactions 
even qualitative predictions remain unsatisfactor) 
at the present time. 


6. References 





[1] H.S. Harned and B. B. Owen, The physical chemistry of 
electrolytic solutions, 2d ed., chap. 15 (Reinhold Pub- 
lishing Corp., New York, N. Y., 1950). 

[2] R. A. Robinson and R. H. Stokes, Electrolyte solutions 
Appendix 12.1 (Academie Press, Inc., New York, N. \ 
1055 

[3] D. H. Everett and B. R. W. Pinsent, Proce. Roy. So 

London) [A] 215,, 416 (1952 

[4] H. S. Harned and R. W. Ehlers, J. Am. Chem. Soc. 54 
1350 (1932). 

5] R. G. Bates and G. D. Pinching, J. Research NBS 4, 
119 (1949) RP1I982 

[6] R. G. Bates and G. D. Pinching, J. Research NBS 46, 
349 (1951) RP2205 

7] R. J. Bruehlman and F. H. Verhoek, J. Am. Chem. So 


70, 1401 (1948). 


1 


| 


} 


0 


| 


) 


le~ 





(14) N. F. Hall and M. R. Sprinkle, J. Am. Chem. Soc. 54, 


it. che (.es 60, 1451 1927 
3469 (1932 


2 


re) H. Hiinecke, bet ce 
9} R. G, Bates hlectrometri pH determinations, pp 166, . 
[15] R. G. Bates, J. Research NBS 47, 127 ( 1951) RP2236. 


ve th 167, 205, 206 John Wilev & Sons, Inec., New York, D| 

' the? x Y.. 1954 116] D. H. Everett and W. F. K. Wynne-Jones, Proc. Roy. 

aram. no) R. G. Bates and V. E. Bower, J. Re search NBS 53, 283 5 Soe. (London) [A] 169, 190 (1938). 

lv the? 1954) RP2546 [17] D. H. Everett and W. F. K. Wynne-Jones, Proc. Roy. 
. ' i) R. G Jates and G. D. Pinching, J. Research NBS 43, | Soc. (London) [A] 177, 499 (1941). 

wher 519 (1949) RP2045 [18] D. H. Everett, D. A. Landsman, and B. R. W. Pinsent, 

19) R. G. Bates at d G. Schwarzenbach, Helv. Chim Acta 37, Proc. Roy. Soc London) [A] 215, 403 (1952). 

cids jg} 1437 (1954 

w. F. K. Wynne-Jones 
Soc. 34, 1321 (1958 


eC oe 13 ind G. Salomon, Trans. Faraday ; as 
- Wasutneton, March 23, 1956. 


nusua 
SSOC}A- 
> more ! 
Mm 107 
hanol- 
4 
Oth 
ucturs 
eCNsivi 


rocess 
to he 
m 10] 
found 
found 
17] ar 
ion of ' 
mono 
or tri- 
‘ce tvpe 
lenedi- 
onium 
hnvesti- 
out as j 


Is, but 


1¢ 10Ns 
» SeTISt 
Fities is 
plained 
solvent 
it that 
vlecules 
nd sta- 
in any 
lie dis- 
ietions 
factory 


mIstry ¢ 


Id Put - 


olutions 


ey 
OV sor } 
Soc. 54, 
NBS 42, 
NBS 46, | 


em. 50 


157 











Research Paper 2706 


3, September 1956 


Color Evaluation in the Cane Sugar Industry’ 


Victor R. Deitz 


\ fundamental unit of sugar color based on the 
scale is described and used to evaluate a variety of commercial sugar products. 
are in good agreement with actual visual experience. 


National Bureau of Standards color 
The results 
The proposed scale is based on color 


differences, whereby the color of the sugar solution is evaluated by the amount of departure 


from a colorless sucrose solution. 


this is balanced by the great gain in simplicity. 


Some information on spectral distribution is lost, but 


A special color chart is presented, whereby 


the value of the color can be read directly from a knowledge of the attenuation at wave- 


lengths 420 and 560 millimicrons 


1. Introduction 


In the sugar industry it is generally agreed that 
color is of prime importance. Since early in the 
19th century, the industry has used an estimation 
of color in four general ways. First, raw sugars were 
originally described by their color and taste, espe- 
cially those once known as the Muscovado sugars [1]. 
Today, color is only an incidental factor in the 
purchase of raw sugars. Second, a comparative 
measure of color is used by all manufacturers and 
refiners as an index to the changes that occur during 
processing. These values serve for comparison and 
for record, and from them an operating staff can 
adjust the variables of the process to obtain an 
acceptable product. Third, color is used to evalu- 
ate liquid sugar products. This is a contemporary 
development and makes important demands on 
visual color measurement. It has emphasized the 
need for a universal evaluation based on 
fundamental units, 

The fourth important use of color measurement is 
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color 
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quantitative color measurement was apparently 
made in 1822 by M. Payen [2], who described a pro- 
cedure to evaluate the capacity of finely divided 
yone char to remove color. In fact, the instrument 
he invented and described was called a ‘‘décolori- 
métre’’ and is shown in figure 1. The visual appear- 
ance of the decolorized solution contained in the 
long tube was matched against a smaller depth of 
the initial liquor. The cell depth was adjusted 
until a match was obtained. Color determinations 
for the evaluation of adsorbents have been used 
ever since, and many kinds of colorimeters have 
been devised. 

The greatest obstacle to the successful use of color 
measurement in the sugar industry has been the 
lack of standards and of a suitable color unit. 
During the last 50 years many reference materials 
have been proposed, but none has been satisfactory 
in all respects. The object of this paper is to 
present the NBS unit of sugar color and to describe 
some typical applications of color measurements. 


2. General Characteristics of the Spectro- 
photometric Data 


Spectrophotometric measurements in the visual 
spectrum supply the primary data for the calculation 
of sugar color on the NBS scale. The comparatively 
recent introduction of various commercial spectro- 
photometers has made possible the examination 
of sugar liquors in sugar laboratories and has justified 
the proposed new approach to the measurement 
of an index of visual color. Typical graphs of the 
transmittancy of commercial sugar solutions as 
a function of wavelength are given in figure 2. 
These data have two general characteristics: (1) the 
transmittancy always increases as the wavelength 
changes from the short-wave (blue) end of the visible 
spectrum to the long-wave (red) end, and (2) a simple 
algebraic relationship exists between the increase in 
transmittancy and wavelength. 

It is seen in figure 3 that the logarithm of the 
attenuancy ® follows closely a linear variation with 


—— 


Che term “attenuancy” (4A*) was introduced by Deitz, Pennington, and 
Hoffman [12] to replace absorbancy (A) for those solutions that contain appre- 
ciable light-scattering material. The presence of appreciable light-scattering 


impurities invalidates Beer’s law 1* is defined as —log 10[ Teotution/ Tsoivent] 
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GURE 2, Transmittancy curves for typical sugar liquors at 


a solids concentration between 0.77 and 0.78 grams per 
milliliter. 
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the logarithm of the wavelength (A). The behayip 
shown in figure 3 has been confirmed for many ot}, 
sugar products. The linear relationship betweq} — ] 
log .1* and log \ makes possible a real simplificatig, 


. mae" me! 
in the evaluation of visual sugar color on the NBs? spe 
scale. Because two points are necessary to define. gg 


a straight line, it is possible to construct the complete | 
spectrophotometric curve from transmittaney | 
observations at only two wavelengths. 


3. Scope of the Optical Measurement 


To obtain perspective in the determination 9 
color of commercial sugar liquors, several factors tha 
influence the optical measurement must be cop. 
sidered. The appearance of a sugar liquor is infly. 
enced by both the dissolved impurities and thy 
colloidal suspended solids. It is important to recog. 
nize that there can be dissolved impurities with y 
color and, likewise, suspended matter with py 
turbidity. If the term “color” is reserved for a de- 
scription of visual appearance, the sugar industry js 
on common ground with almost all other industries 
where color is an important factor. Zerban [3] has 
stressed that the sugar chemist needs information or 
the quantity and nature of the coloring matter pres. } 
ent in sugar products. It is obvious that trans. 
mittaney has definite limitations for such a purpos 
as a nonsugar impurity without color and showing 1 
turbidity may escape detection by a photometr 
measurement alone. 

Experience has shown that two-word terms, such as 
“color bodies,”’ ‘‘coloring material,’’ etc., tend to be) 
abbreviated to “color” and lose their distinctive] y 
meaning. The general term ‘‘colorant”’ has been used 
by physicists to indicate material that is either a dy 
that absorbs light with negligible scattering, or a 
pigment that both absorbs and scatters. It is recom- 
mended to the sugar industry as a term to designat 
the coloring materials in sugar. The sources of th 
colorant in sugar liquors are complex and are not 
known with any degree of certainty. Gillett [4] sug-} 
gested a classification into three general categories 
(1) colored: nonsugars originally in the sugar cane 
(2) colorless nonsugar bodies that may develop colo 
and (3) colored nonsugar bodies that result from de- 
composition of the sugar. The formation of th 
colorant bodies has been attributed to complex reac- 
tions between invert sugar, organic acids, certain} 
inorganic salts, and nitrogenous compounds such as 
proteins. This viewpoint again indicates a limitatio 
on the use of color (i. e., visual appearance) as 3 
measure and identification of the colorant bodies 
present in commercial sugar products. The con 
siderations that follow are solely concerned with the 
visual measurement, which is of value to the indus} 
trial sugar chemist. 
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Fiat RE 3. Z near de pe ndence of log 1* on log X fo? th f 
sugar products, 
A, Granulated sugar (/ loem, ¢ 0.613 g/m] B, Cuban raw, unfiltered b 
- n] I 


r 0.780 2/m]); C, Blackstrap A=0.2cecm 0.0204 g/t 
} neentrat 


where 5 is ce 
1 
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4. NBS Unit of Sugar Color 


havior) 

Other] nates 

tweet I]t is well known that perception of color is tridi- | purit 

Catioy mensional. Zerban and his associates [5,6] have that 
colors of a variety of raw and refined | (573 


NBs? specified the 


define) sugars by use of the coordinate luminous transmit- 


tancy (also called brightness), and two « 
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the 1931 ICI®%standard observer and coordinate system [7]. 








sugar colors. and Deitz [7] plotted, as in 
figure 
commercial sugar products and found that the 
majority of the points were grouped within a narrow 
band drawn from the point representing the standard 
light source C so as to approac ‘+h asymptotically the 
spectrum red locus. The previously mentioned 
approximate linearity of the spectrophotometric data 
for commercial sugar solutions illustrated in figure 3 
is another indication that sugar solutions have a 
simple colorimetric character. 

There is another important way view the 
problem. The differences between closely 
resembling each other can be evaluated with consid- 
erable precision and accuracy by the technique of 
small-difference colorimetry, and differences 
can be expressed on a scale yielding high correlation 
with visual estimates of the differences [8S]. Such a 
scale would permit the single number to 
represent visual appearance, and could be readily 
applied to all phases of sugar manufacture and sale. 
It is true that in reducing the complete color speci- 
fication to a single scalar quantity, some information 
is lost; however, because sugar colors occupy such a 
narrow band on the chromaticity diagram, the 
of this information is of minor consequence and may 
indeed be balanced by the great gain in simplicity. 

The natural choice of a reference color in sugar 
colorimetry is that of a highly purified sucrose solu- 
tion viewed with the standard light source C.' It is 
proposed that all sugar colors be evaluated by the 
amount of departure from this colorless solution. 

Of the several formulas already devised for evalu- 
ating color differences, the Adams formula |9] has 
been chosen as the basis for the proposed NBS scale 
because it meets the m: ajor re quire ment of e xpre ssing 
color by a scalar quantity on a uniform scale of per- 
ceptibility. The Adams formula is an empirical 
relation, which was developed for evaluating the 
difference between the nearly equal colors of two 
reflecting surfaces. The application of this formula 
to transmittancy data was reported 1952 in the 
Technical Reports of the Bone Char Research Group. 
It to be noted that the differences observed in 
many are not small and, hence, the formula 
for color difference is being used for a purpose other 
than that for which it was devised. Experiences to 
date indicate that this is not a substantive limitation. 
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4.1. Complete Procedure 


between 400 and 
tristimulus values 


The spectrophotometric data 
20 mu are converted first to the 


< ia. = omputation forms for this calculation 
are given by Judd [8]. The Munsell value functions 
V., V,, V., which are related to the tristimulus 


which was 
Judd. 


values, are then obtained from the table 
calculated by Nickerson [10] and quoted by 





The Munsell value functions are then substituted 
into the Adams equation. 

‘ The standard sources recommended in 1931 by the Lnternational Commission 
on Illumination are: Source A, representative of gas-filled i nd nt lamy 
source B, representative of noon sunlight; and s Marce C, representative of averag 
daylight, such as that from » completely overcast sky 

+ See tables A, B, and C on pages 352, 3M, nd | io, respective r{Y 


4, the chromaticity coordinates for a variety of 


Because one of the colors in the calculated differ. 
ence will be the standard source C, the Munsell valy 
functions for the reference sucrose solution (X.< 
ve Z.) can be entered into the Adams equation. 
which can be written in the form 





AFExps 
50 y [0.23(10— V,)|?+[V,— V,]?+[0.4(V V,)P. (] 
Under the conditions of observation used in the 


present work, which are given in detail in the sub. 
sequent paragraphs presenting the data, the obsery. 
ers could usually distinguish a difference of about 
one unit of AFygs. Therefore, the computations 
need be made only to the nearest integer. 

Values of AFygs for a variety of typical sugar 
products are given in table 1 at the conditions noted 
for cell depth and sugar solids. The values are, of 
course, dependent upon cell depth and the concen- 
tration of total sugar solids. Thus, a solution of g 
granulated sugar viewed in a very long cell can have 
a greater value of AExas than a diluted blackstrap 
viewed in a very short cell. This illustration serves 


Values of AE NBS for 
lovle d far the § pet ified de pth and concentration 


TABLE 1 typical sugar products caleu- 


Sugar sampk Depth Concentra- Calculated 
tion AEwns 
i g/ml 

Hawaiian raw (filtered 0.2 0. 725 51.8 

Cuban raw (filtered 2 750 66.0 

Washed Cuban 1.0 746 73. ¢ 

Blackstray 0. 041 100 57 

Raw beet sugar 2 75 81.2 } 

Corn sugar 9 67 68.9 [ 

Corn sugar (second 2 62 50,8 

S product ive ited by Peters and Phelps @ 

Soft sugars 7x 0 1.0 74.2 

Soft sugars 9x 1.0 1.0 92.0 

Soft sugars 10x l 1.0 Os. 0 

Soft sugars 11x 0 1.0 108 

Soft sugars 11z 1.0 1.0 108 

Sirup 3a to pan 1.0 1.0 4 5 } 

Sirup 3c from pan 1.0 1.0 4 

(iranulated sugar (4a 1.0 1.0 2 

Granulated sugar (5d 0 1.0 5.8 i 

Sort sugar SX l ) LO S34. 4 

Soft sugar 2 1.0 1.0 

Soft sugar 3z 1.0 1.0 11.9 

Soft ir 4z Lo LO 19.6 

*H. H. Peters and F, P. Phelp BS J. Research 2, 335 (1928) RP3S ; 
only to emphasize that two sugar products must 

. , a 
always be compared at the same concentration 0 
sugar solids and cell depth. It has been found that 
values of AF-yags less than 40 are linear with respect 
to cell depth. It is not feasible to compare all sugal 
products at the same cell depth and sugar concen 
tration. Efforts are being made by the National} 


Committee for Sugar Analysis to specify these con- 
ditions for different types of products, and agree 
ment on this point will be a real contribution te 
uniform reporting of results. 
An additional specification must be made when th 
pre sence of suspe ‘nsoids in sugar liquors } Is appreec i able 
The proposed evaluation of color tolerates the pres} 


162 


ence 
defi 
relit 
an 

mat 
eval 
abo 
filte 
por 
a fi 
quil 
cole 


it h 
sug 
gra 
the 
mel 


Fr 


\ 
\ 





d differ. 
Pll valye 





n (X,= 
uation, 


in the 
he sub. 
observ. 
f about } 
itations 


| sugar 
S noted 
are, of 
concen. 
on of aj 
in have 
ckstrap 
L Serves 


a2. 0 


~ ere 


must 
ion of 
d that 
‘especl 
| sugal 
once 
itional 


eC COD 


_ 


agree- 


ion tl 


en the 
ciable 
» pres} 


ence of turbidity to such an extent that a small but 
definite Tyndall beam can be seen. 
reliable color evaluation it appears necessary to place 
an upper limit on the amount of the suspended 
matter present. It has been found that the color 
evaluation can be made with a reproducibility of 
about +1 percent after the sugar liquor has been 
filtered through a fritted filter of Pyrex glass of 
porosity F. Experience usually dictates when such 
a filtration is necessary. Most refinery liquors re- 
quire no filtration, particularly those for dark- 
colored products. 


4.2. Color Chart 


Because of the inherent simplicity of sugar colors. 
it has been found possible to obtain the color of a 
sugar liquor on the NBS color scale from a simple 
graph without using the Munsell value functions in 
the Adams formula. As the entire spectrophoto- 





because of the linearity observed in figure 3, the 


However, for a | tristim lus values can be calculated from the curve 


def two observed points. Consequently, the 
Vai Exes can also be determined from these 
sam, » points. 


Two experimental points are used to represent the 
straight line in the plot of log A* versus log \, 
namely, the values of A* at 420 my and 560 mu. 
The use of a wavelength near the shortwave extreme 
of the visible spectrum is particularly helpful be- 
cause the absorption of sugar liquors is greatest in 
this part. The particular value at 420 my was taken 
to agree with one of the wavelengths used by Gillett 
and Heath [11]. The wavelength of 560 my cor- 
responds to that extensively used in the pioneer 
work of Peters and Phelps [13]. 

The color chart calculated by the above procedure 
shown in figure 5.° Specified values of Ax» 
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. } . | . . tical deve lopment of the color chart will be the subject of another 
metric curve can e defined »\ only two points, publication by the Bone Char Research Project, Inc 
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(ordinate) and Aigo (abscissa) determine a point PasBLe 2. Comparison of SExns values obtained from the Color} TABL 
chart with those calculated with the Adams equation 


on the graph and the position of this point is noted 


relative to the nearest curved lines. Each curved 
line represents a constant value of AF-yps. Values | \Ewps 
of AFxgs that fall between the plotted lines may be | a" } 
estimated by interpolation. Graph | Cal 
The color chart has been checked in several ways. | ” 
The values of AFxgs were calculated from the | Rolution of 1 at 60° Brix and a depth 
transmittancies over the visible spectrum for a 
great many sugar liquors and the results compared | Washed Cuban raw No. 15. ! 29 
with the values determined from the color chart. | ais, eptionmaniencienaeitoanctioeioaeinn “eg 5 Te 
Table 2 gives some of the results. The agreement, ~ —e ~ 12.1 
in general, is rather good, especially as the smallest Liquor decolorized with Darco G60 ar rt 
difference detectable by the average eve is only > + a 
about one unit. The coefficient of rank correlation * mm . if 
is 0.99. The colors of the sugar liquors described in | smal 
tables 1 and 2 ranged from that of granulated sugars irc tesa Sai iain ei ciety meal 
to that of blackstrap. The concentration of total pone sees A 
solids and the cell depths must be adjusted to Samph Samph soll the J 
equality before comparisons among various products | Graph | Calculated Graph | Caleulatea! tion 
can be made. ous ¢ 
Zerban and his associates, following the work of 8-7 3 32.3 $9 31 30. 3 maki 
Peters and Phelps, proposed that the visual appear- | $1 a a3 2. — + will 
ance of solutions of refined [5] and raw [6] sugars + “4 ge be = =? were 
be quantitatively measured by the single value of S4, if 4.9 S-17 24 24.3 of de 
the attenuancy index (—log ¢) at 560 my, where ¢ is | 28 + 8 ts >: —~f- Fii 
the transmittancy at unit depth and solids concen- “te = =. ties - 123 prep: 
tration. As the spectrophotometric data at 420 : : aline 
my and at 560 my were given in these publications, | — « The transmittancy was observed in a 10-em cell and the attenuaney caleulateg deere 
it was possible to determine A/ygs from the color | '*!emcell olor 
chart. Their data for dark sugars were compared | ,. ; es sual 
at a cell depth of 0.1 em and a solids concentration | Taser 3. sis oj Anes wenn jar ts ae eported by | prix. 
of 1 g/ml, and the white sugars were compared at a | saieeaadacceomteasacemschic Mis | bott] 
cell depth of 10 em and at the same solids concen- | . were 
tration. Table 3 shows that the arrangement in eee oe Sa ne Te tact 
decreasing attenuancy at 560 my for Zerban’s data Saad » ahmal eines -_ nde] 
correlates in general with decreasing value of AF yas, | Suga Sugar - the « 
but the agreement is far from perfect in regard to | 1340 Ma oe 1350 ys AEwne 1 sh 
the sequence of decreasing values. There are a to be 
number of reversals; for example, Zerban’s granu- | 18 0. 0232 7 4 0. 0022 Se 
lated sugars 48 and 59 have attenuancy values of 4 4 + vo a ° n wi 
0.0680 and 0.0851, respectively, but the correspond- = prod] 19 4 es a totbr 
Ing values of AEnns, 35 and 29, are in the reverse mt te 5 obsel 
order. It is to be expected that attenuancy at 560 | ~ ons 3 6 pre 10 pare 
my will correlate somewhat with visual appearance | 2s - 4 a = + were 
of sugar solutions because it is a direct measure of 2 070 21 ie OST] Each 
the darkness of the sugar color and, as attenuancy | 74 OT 2 0 0329 19 from 
at 420 mu is somewhat correlated with attenuancy | . a ~ z ns +4 Dav! 
at 560 muy, it is also an indirect measure of the 36 ONY 2 19 (482 21 ight 
vellowness of the sugar color. As AFygg is based | ‘5 — ig ‘ ne " ’ obser 
on direct measures of both vellow ness and darkness, | = on - a — 4 ful in 
it is expected to vield a more reliable measure of c 1O1s st) 0 OS5I “4 differ 
visual appearance of sugar solutions, and these "3 192 - rr tT 9 data 
reversals may be interpreted chiefly as indications = — - . wes ™ natec 
of the approximate nature of the connection between train 
sugar color and attenuancy at the single wavelength | : ’ H we 
560 mu. When the values of AX) in table 3 are plotted as BD hens 
; function of the corresponding AF-yys, the plotted coeff 
ee | points approximate a straight line rather poorly. }; —_ 
. ’ pe me alatior re WHEN | a ome | ving formula Although the calculated correlation coefficients for Pa 
Sid | the ranking of these solutions were high (0.94 and o 
0.96 for the filtered raw and the granulated sugars 
re n is the number of ob: nd the squares of | respectively), there are appreciable fluctuations me 
his st ) “hr |) based on the magnitudes of AX » and AFyys. The, iati 
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l 2 14 
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small difference in the coefficients of rank is not 
meaningful for the data on hand. 

A necessary requirement for the successful use of 
the proposed color unit in practice is a high correla- 
tion of values for AE une W ith the experience of vari- 
ous observers who navy not necessarily be skilled in 
making scientific comparisons. Several experiments 
will now be deseribed in which a number of observers 
were asked to arrange the sugar liquors in a sequence 
of decreasing color. 

First, a series of nine filtered sugar liquors were 
prepared and tubes containing equal depths were 
alined by independent observers in a sequence of 
decreasing color. The liquors ranged from almost 
olorless to the color of a filtered washed Cuban raw 
sugar. The concentration of sugar solids was 60 
Brix. The solutions were contained in clear glass 
bottles of square Cross section (3.5 em on side) and 
were compared in daylight with the bottles in con- 
tact side by side. Values of AE wns were obtained 
ndependently from spectrophotometric data, using 
the color chart. The results, summarized in table 
{, show that the alinement of the liquors according 
to both procedures Is practically identical, 

Second, another series of solutions was prepared 
n which the range of colors was not as great in order 
tolbring out the differences in judgments among the 
observers. Solutions of 19 white sugars were pre- 
pared at a concentration of 60° Brix. These solutions 
were not filtered and some turbidity was present. 
Each sample was contained in a test tube and viewed 
from above through a solution depth of 13° em. 
Davlight reflected from white paper was used as the 
and the surrounding field. Eight 
observers working independently were fairly success- 
ful in alining the solutions in a sequence of decreasing 
difference in color from that of distilled water. These 
data are given in table 5,a. The observers desig- 
nated by A, B,C, D, E, 1, J, and K were scientifically 
trained personnel ana those designated by F, G, and 
H were not. Nevertheless, the agreement among all 
observers was good as measured by the calculated 
which was 0.94. 


source 


coefficient of concordance, 


os 


' The coefficient of concordance, WW, was calculated from the following expres- 
n, give nby M.G.k fall (Rank correlation methods, p. 81 
ON 
iW 
7 ’ 

em observers have made rankir f bjects, and S is the sum of squares of 
Viations of rank sums from the average 7 +1)/2 rhe author is indebted to 

t.R latt he Br t rested use of this statistic 


sugar liquors in order of 


Values of AExpgs were subsequently calculated 
from eq (1) and also obtained by using the color 
chart, and these are given in table 5, a, with values 
for the attenuancy at 560 my and for the combination 
Afy—2A%y. Table 5, ¢, upper half, gives for each 
observer the rank correlations between the observer’s 
ranking of the 19 unfiltered solutions and each of 
the rankings according to AEyps, Af and Ak» 
2A%». It is seen that, with only one exception, 
each observer agrees with the AFy,s ranking better 
than with either of the others. Thus, the correlation 
of observed rankings with a ranking according to 
values of AFyxs is seen to be significantly (at the 
0.10-probability level) better ® than the correlation 
of observed rankings with rankings according to 
either AX» or Ak —2A%p. 

It was believed that the above differences might be 
attributed to the relatively high turbidity for the 
given amount of color present. Filtered solutions 
contain fewer light-scattering particles, and the ratio 
of the light absorbed to the light scattered is greater 
than in nonfiltered solutions. This situation fre- 
quently exists in commercial sugar products of very 
low color. 

The experiment, therefore, was repeated for 10 of 
the 19 sugars after the solutions were filtered through 
a Pyrex sintered-glass filter (porosity F). These 
results are given in table 5, b, and it can be seen 
that the agreement among all observers as to the 
alinement is very good. The calculated coefficient 
of concordance among the observers was 0.99, as 
compared to 0.94 for the case of the unfiltered solu- 
tions. Reversals occur only where the magnitudes 
of AF yzs differ by only two units or less. Because 
values of AFyps, Ak, and were 
obtained for all of the solutions, the coefficients of 
rank correlation were calculated from the ranking 
of each of these quantities with the rankings estab- 
lished by the observers. The results are given in 
table 5, c, and it is seen that the filtered solutions 
show a consistently high correlation coefficient 
regardless of whether the index of color is taken as 
AEnss, Afs, Or Afy There are no mean- 
ingful differences between the various measurements 
on the filtered solutions with respect to the agree- 
ment of the observers. 


4 1 fs 22 1}, 


24 Lao. 


The presence of a residual turbidity in commercial 
sugar liquors of low color is thus seen to have a 
marked influence. Many of the 19 sugars used in 
the above measurements were obtained from retail 
food stores. It was considered desirable to repeat 
the experiment with unfiltered granulated sugars 
selected for their minimum turbidity. 

A series of 9 such granulated sugars were prepared 
at, 50° Brix, and these were arranged by 10 independ- 
ent observers in a sequence of decreasing color under 
2 experimental conditions. All solutions were con- 
tained in test tubes (17 em long and 2 em in diameter) 


* A statistical procedure for determining the significance of the difference 
between the rank correlations is the ‘‘sign test’’; see, for example, W. J. Dixon 
ind F. J. Massey, Jr., Introduction to statistical analysis, p. 247 ff. and table 10, 
p. 324 (McGraw-Hill, 1951 Che author is indebted to Joan R. Rosenblatt of 
the Bureau for the application of this test to these data 
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TABLE 5 Visual alinement o olutions of white sugars ar anged in order of decreas ng color 
Sequence from . by pend rb 
color chart 
Caleu Rankir 1, ; 
lated ot ~ i Sa 
AEwns A B ( D } i G H I K _~ i 
Sampk AEnps 
WVL| FGC AW LD HPF MCP MH ERB | NLP AG VRD 
{ " ul ug 
g 14 13.2 S-1 S-2 s : : s s SI 524 0. 218 
s 13 2.0 S-3 S-1 s s . s s4 S—4 4 4 2 
Ss 4( 19.3 S-2 S s S.2 . Ss S8 S.8 107 219 1 
S 6 4.9 S-5 ~ S-2 Ss St S-10 SY 24 4 
~ $ $ ] s— S-4 S7 — ~ ~ ~ 3.2 7 ‘ 8 
3 34 fi 8-7 S-7 S4 S4 . 7 . . - ’ 
. 33 32.3 S.4 Ss S-4 S-4 : St > $ “ 3 
2 ‘9 31 <8 S-6 S S-1K S s-4 S-7 SH 6 
S 31 + S S-13 S-8 Ss S-10 Ss . S-1 2 ) 
- eu wv) = { = ) ~ ~ - ; ~ ~~ m4 
. 29 Qs. 4 S-12 s-9 $9 3-9 S-1 ‘3 
S oN On 9 S16 S-12 s-9 . S-] S-12 s-9 78 
s tH 245.9 s-—Y s—1¢ = 1¢ 1 ~ = 74 ye 
S 25 24.6 s S-17 : : S-14 -14 s . "9 4 2 
s 24 24. ( s S-14 s > S-17 Ss S-14 ' 82 { ‘ 
s 24 24.3 : : s . : - S-] s 64 ” s 
= 21 2.8 s S—18 = - =~1S S—18 S-1S ~ ‘ tl O83 
~ 12 12.3 > s ; s s = ; s-19 s—I s ; 4 ut 7 
l t@d su ’ 
s 37 s s—4 s » s—] s~—1 i"S 0. 004 
s $ s-4 s-1 - } s s—4 =—4 7 ‘7 
: 4 0 | aK ; ae | 8 co | oe — me ra 
> art s-Y s-—Y s s-—Y > s—Y s—Y 204 " 
= yi SH sf} ~ ~ ~ sf) st ‘ ~ On 
; 9 + = he - - = ~t- 7 : ~ - 
~ { S—]{ s—149 ~ u - ~ 4 sD) - ; ; OO; 
si 2 S-2 S—2) A) s SA) s~]4 SJ 022 
} 
c. Rank « s bn »bservers’ ranking i k ot} 7 
Correlation d witl ( 
Obser oO} rye 
AEN 1*.—24% \Es 1: i*.—24 
filtered solut I dl 
A 0. 5 of \ 0.44 " »s 
B an ¥ s4 B oo " ag } 
( U6 Hs s] I 0.99 a4 Us 
D of 71) % H Ys Ws 9 
| 97 % I aa ag 8 
} on vv 74 ] s s 9 
‘1 "2 v1 kK "9 au ~ 
H a9 9? 
- Ave 0. WY s s 
Ay “ 2 s4 
. . ~ ' ri ‘ > : ; 
filled to a depth of 15 em. In one case the tubes Che rank correlations between each of the 10 ind- 
were painted black on the outside, with the exception | vidual observers’ rankings and each of the rankings 
of the curved bottom surface, and in the other case | according to Akyps, AX, and Afy—2s1¥o wer 
the tubes were unpainted. The solutions were calculated. The results are shown In table 7 Ther 
viewed with a light source and a surrounding field | appears to be a significant tendency for observers 
consisting of thin white paper placed over a fluores- | rankings for clear tubes to agree better with thi 
cent tube (15-w daylight ranking according to A%, than with the ranking 
The results are given in table 6, which also in- | according to AFxazs. It is to be noted, however} op 
cludes the values corresponding to AFyys, Ak, | that the differences between an observer’s ran m: 
and the quantity Af,).—2A%, The coefficient of | correlation coefficients for A/-ypgs and sA* , are vel 
concordance among the 10 observers was 0.92 for the small. For blackened test tubes, there is no sig su 
measurements with clear test tubes and 0.90 in the | nifieant difference between AFygzs and At») wit th 


blackened tubes. 


respect to their agreement with observers’ ranking 
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TABLE 6 


Visual alinement of solutions of white 


Sequence of diminishing color by independent observers 


AFEnns* 


Sample 


sugars observed in painted and unpainted test tubes 


Data with Beckman DI 
spectrophotometer 


| 


LPD HPF WVL~ FGC 1G  VRD |} MP) ERB. HKH | _sIN Cell | Solids ; lies 
Ranking depth concen- “4 seo 
I U1 UI I\ \ VI VI Vill IX tration 2A, 
Unpainted test tubes 
cm Bria 
is. | © 2 2 l 2 2 2 10 49.3 0. ORS 0. 234 
> 17.4 2 2 5 2 l 2 5 2 l l 10 50.0 OSO 236 
1 17.0 1 l l 1 1 5 5 l l 5 ; 10 49.9 ORO 224 
‘ 2 0 ~ s s { s 8 ~ s 8 8 ) 10 Ww. 1 049 161 
5 s1.2 i 1 ri s 4 i i 7 i 7 4 10 50. 1 O48 146 
- 0) rs f i 7 7 7 ’ i 7 i 6 10 419.3 043 . 136 
, my | Q - ) r ) 6 6 4 6 i) i) 10 1 O37 142 
4 om, | ® ) ; 6 ; 3 i) 6 7.5 10 419.7 O38 129 
> 97 9 6 ’ 3 ) 7 3 3 3 7.5 10 5.1 034 133 
Sides of test tubes painted black 
is. | 2 l l 2 l 
5 17.9 2 2 2 2 2 ! 2 2 I 2 
17.0 1 8 ; 5 5 3 
‘ 2.9 8 8 5 8 8 2 { . 8 6 
8 1.2 i S 7 7 7 Ss 7 i 4 
? wO.3 i i ri ; 4 i 1 $ 1 7 5 
; 2” 1 : ; { 6 ‘ 4 7 ) 6 7.5 
¢ on 0 ; ) ‘ ’ y ) 6 6 ; i) 7 
) 27.2 ‘ ry t ; 4 ; ‘ t 3 4 
Correspond 0 l na ugar-solids concentration of 1 g/ml 
TABLI 7 Rank correlations between observe ” rankings and Furthermore. there is 2 marked tendency for aline- 
rankings by other measurements ment according to AFygzs to agree better with ob- 
served rankings than either of A» or Atpy—2Af, 
Correlation of observed ranking with when the evaluation of color is complicated by the 
— presence of turbidity. 
LENns It may be concluded, therefore, that values of 
AExas can be used with confidence by the sugar 
ws industry in grading the color of normal sugar liquors. 
oa “— ” Additional comparisons are, of course, very much to 
1 ") s2 be desired for the possible recognition of some new 
rv ” a a aspect of the sugar colorant not as yet encountered. 
\ "2 uy s7 
VI ?4 y2 SAS . . 
vit 7s ~ 4.3. Approximation of the Spectrophotometric Data 
IX x . 85 by Two Straight Lines 
x x rl = 
‘ 89 0.90 0.8 For some sugars the relation between log attenu- 
aney and log wavelength (fig. 3) is sufficiently non- 
B tut linear, as shown in figure 6, to cause errors of as 
much as 8 color units when the color chart is used in 
: 0. % 0.8 the determination of AF Values of AF. ‘al 
1] ~ o an e ae ermina lon “NBS: i es “NBS ca - 
if "7 4 culated from the transmittancy data are given in 
S) s! s . . »* rr ’ 
\ 0) n) table 8 for a typical group of sugars. The AF\ygs 
i A ~ 0 values obtained from the color chart are entered 
vill 92 m) under the column headed “A).”’ 
. « ht . . . . 
x ss . It has been found possible, for the practical pur- 
; a = ror pose of a rapid color evaluation, to represent the 
dependence on wavelength in these cases by two 
straight lines (fig. 6), one for the blue portion of the 
The significant tendency for Ay ,s to agree with | visible spectrum and one for the remainder of the 
observed rankings better than AS »—2A%) is | spectrum. The values for the slopes of four sugars 


maintained in this experiment. 

It is obvious that the values for AFygs are 
successful as other available measurements in alining 
the solutions of sugars in order of decreasing color. 


as 


M4640 wh } 


are given in table 8, and the “blue line”’ has a steeper 
slope than the ‘yellow line.’”’ An empirical rule 
whereby the correct AFy,s may be obtained from 
the color chart is as follows: (1) Calculate a weighted 
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TABLE 8 


Solutior Cell 

depth 

i 

Australian raw, No. 1(pH , 10 
Australian raw, No. 2(pH=5.9 10 
Australian raw, No. 3(pH=5.9 10 
Hawaiian raw, No. 17 (pH =5.7 0.2 


average for the attenuation at 420 my by taking 
two-thirds of the observed reading and one-third of 
the value when the ‘yellow line” is extrapolated to 
120 mu. (2) Combine this average with the 
served attenuation at 560 my and read the corre- 
sponding AFy,zs from the color chart. Nothing 
additional is gained by using more than two straight 
lines to present the data. 

The AFxaxs values for the raw listed in 
table 8 were calculated by the above empirical rule. 
The agreement with the correct values is satisfactory. 
No particular physical significance is attributed to 
the use of the two straight lines nor to the factor 
two-thirds. 


ob- 


sugars 


} 
; XN 
KSA 
ts P\ Xe 
BAAS 
a ie . Ry x 
eee. 


HAWAIIAN RAW N ; = ‘ 








WAve 


Calculation of AEwns values for several filte red solutions of 





FIGURE o. Allenuancy 


scale S&S for? 


plotted versus 
sugars listed in table 8 


wavelength on 


log-log 





raw sugars (no adjustme nt for pu was made in the SE CARs 
Slope of line Al AEnps 
Sugar assuming AENas calculated 
olids linearity ruk by eq (1 
Yellow Blue } 
Br 
58. 3 8 78 Hl 5.8 
60.3 3.7 6.3 ab is 4s. 0) i 
Hs iS ; ih a] 41.8 ' 
Lae iu Hos $4 $4 $2.7 


The increase in slope of the absorption curves 9 
going from the red to the blue portion of the Visibl; 
spectrum continues in the near ultraviolet. Tyo 
examples are given in figure 7, one for a washed 
Cuban raw sugar (60° Brix and 1-em depth) and thy 
other for a granulated sugac solution (60° Brix and 10. 
em depth). If the straight line observed in the vis. 
ible region (470 to 620 my) in the log-log plot (fig, 3 
were extended into the ultraviolet, it would corre. 
spond in the nonlogarithmic plot to the curvatun 
given by the dotted lines in figure 7. There is no q 
priori reason for the tail of the absorption curve of g 
sugar to fall off logarithmically. Consequently, jj 
may be.expected that the simple behavior illustrated 
in figure 3 does not hold in all cases. In fact, it is re- | 
markable that it is valid as frequently as is observed 
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5. Visual Color of Mixtures of Sugar Liquors 


It is often desirable to predict the color of a mix- 
ture from that of its component liquors. A method 
to accomplish this is presented below. All mixtures 
and components W ill be considered to be at the same 
pu and at the same concentration of total sugar 
solids. ‘The problem is to express the visual color in 
AExps units as a function of the relative volumes of 
the known component liquors. The two components 
of a sugar liquor may, of course, differ so widely in 
visual color that different cell depths are necessary to 
obtain the necessary attenuation data. For example, 
it may be desired to mix small quantities of a dark 
liquor with a light-colored liquor. Because the 
AExas Value is almost directly proportional to the 
cell depth, for A/.yps values less than 40, the corree- 
tion to constant cell depth can readily be made. 

The color of a binary mixture contained in a cell 
depth of bai, Was found to satisfy eq (2) 


’ V a b V, uy Drnis . 
AE... Fe yh h. HH y7 44: b, } (2) 


where 
1, }.—volumes of components 1 and 2 in the 
mixture, respectively. 
AF... AR, visual color of components 1 and 2, 
respectly ely , 
hb, bb>=depths at which AA, and AF, were 


determined, respectively. 


In order to test this relationship, a number of 
binary mixtures of sugar liquors were examined. 
The sugar solutions were obtained from a Hawaiian 


raw sugar (No. 17), a washed Cuban raw sugar 
No. 15), and from two granulated sugars (D. P. T. 
and No. 29 The two raw sugars were dissolved 


and filtered by using a diatomaceous filter aid, and 
the solutions of the granulated sugars were filtered 
through a ‘‘medium”’ sintered-glass filter. The pH 
of each of the sugar liquors was carefully adjusted 
to 7. A comparison of calculated and observed 
values of A/,,, is shown in table 9 for four series of 
mixtures. The observed value for AK,,. was ob- 
tained from the observed and extrapolated values of 
Af) in the manner described in section 4.3. The 
calculated value was obtained from eq (2). The 
validity of the formula is indicated by the good 
agreement. 

One important conclusion can be drawn from the 
above agreement, namely, that A/ygs is proportional 
to the cell depth when AExns is less than 40. For 
routine evaluation, it is only necessary to determine 
the AF ygs value of a reference liquor from the 
attenuation data and compare other unknown liquors 
to this by a determination of equivalent cell depth. 
lt is possible to caleulate AF, even though the 
individual components were contained at different 
cell depths. The following measurements illustrate 
this point. A solution of a washed Cuban raw sugar 
Was used with a solution of granulated sugar. A 5-em 
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TABLE 9. Color in binary mixtures of sugar liquors 
| 
sugar liquor Observed values | AEs ix 
Extrap- 
olated 
value Ob- Caleu- | 
\ B 1, 1 Sec . served ¢ | lated by 
142 eq (2) 
Series 1: Solution A contained washed Cuban raw sugar No. 15, and B 
Hawaiian raw sugar No. 17 (cell depth 0.2 em, 60° Brix 
j j 
( | 
0 100 0. 645 0.114 9. 505 42 | 
2 75 524 ORS 01 35 $3 
MM w 383 062 278 Pai) ! 24 
75 25 235 036 182 17 16 
100 0 . 096 012 071 6 


Seri¢ 


s 2: Solution A contained granulated sugar No. 29 and B granulated 


sugar D. P. T. (cell depth 10 cm, 50° Brix). 
0 100 0. 305 0. 063 0. 305 23 
2 75 276 065 276 21 22 
Mw) 70 247 . 070 . 247 19 20 
75 25 218 073 218 16 17 
100 0 190 079 190 14 


Solution A contained granulated sugar No. 29 and B washed 


Series 3 


Cuban raw sugar No. 15 (cell depth 1 em, 60° Brix). 

0 100 0. 459 0. O78 0. 275 2 

; 97 146 O75 260 28 28 

t) “4 435 073 25) 28 27 
10 WO 416 067 237 27 ) 
15 aS 398 O65 227 26 25 
a” x) 341 O67 236 23 4 
100 0 Oly OOS O17 2 


Series 


4: Solution A contained Hawaiian raw sugar No. 17 and B washed 


Cuban raw sugar No. 15 (cell depth 0.2 em, 60.5° Brix 

100 0 0.775 0. 120 0. 550 47 

4 5 744 118 522 45 45 
ot) 10 715 111 495 44 43 
“) “) 151 O66 $21 30 28 
”) st) 250 034 167 17 16 

5 5 1%) OS 101 il 11 
0 100 118 ol4 O76 Q 


» Determined from observed attenuancies for the binary mixtures and the 


color chart of figure 


cell and a 1-em cell were mounted in series in the 
10-em cell compartment of the Beckman DU Spectro- 
photometer on both the solution and the reference 
side. Prisms were inserted in the l-em cell in order 
to form either a 0.2- or 0.5-em depth of liquor. In 
these measurements the cell depth (6,;x) is not the 
same for both terms of eq (2), which must now be 
written 


; V; 7 Orvis V2 7 fal ; 
sEw=| pp yy see Has pane hb @ 


The cell dept h associated with AE nix is the equivalent 
depth of any component in the mixture in terms of 
the reference component measured at 5; (or b,). The 
factors 6,;, and 6... denote that they refer to the 
separate components. 

The results are summarized in table 10. There is 
quite satisfactory agreement between experiment and 
the calculated value, using eq (3). 

An examination of the color chart (fig. 5) shows 
that for a given ratio of A>» to At», AExps is nearly 
proportional to A» for values less than 40. If the 
ratios of At, to Ax, fall within the range from 6 to 
2 it can be shown from the color chart that AF yps is 
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Figure 8. A plot of attenuation at 420 millimicrons (ordinate 

as a function of AEnns for a variety of sugar liq iors, 

@ 10-cm cell depth, 60° Brix @. 5.5-cm cell depth, 60° Brix 1.0-em cell 


depth, 60° Brix 


proportional to Af») within about +2 units for AA yas 


less than 40. The degree of approximation this in- 
volves may be seen in figure 8, in which the observed 
attenuation at 420 my is plotted as a function of 
AFxns for a large variety of sugar liquors. A linear 
relationship is observed within an average deviation of 
about 4 AF xyzs units. This fact may find practical 
applications except in those solutions with very low 


values of AFypgs where the degree of turbidity is 
sufficient to modify the transmittancy. 
TABLI 10 Additivity of sugai colo n VBS nil 
Solution A contained granulated sugar No. 29 and ition B contained 
washed Cuban raw sugar No. | 
Composition of sugar mixture at designated cell depth Fs ilue 
combined in series 
Caleu 
5.0 em jem O5en 0.2 Or lated 
eq 
lo A 1) \ 
oy B 7] 
ly \ 1 KB l l 
” A\+4 B ny \ } B l lt 
1x 4 lw B 24 2 
‘1 \ ¥,B ‘1 \ y B 2 
* Determined from observed attenuancies for the sugar mixture i the 


color chart of figure 5 


6. Discussion 


A fundamental scale of sugar color, called the NBS 
scale, is presented and has been used to express the 
color value of a variety of commercial sugar products. 
The results are in good agreement with visual estima- 
tions of color. It is proposed that all sugar colors be 
evaluated by the difference between their color and 
that of a colorless sucrose solution, instead of by 


luminous transmittance and chromaticity coordinates 
r,y. Some information is lost by omitting the com. 
plete color specifications, but this is balanced, a | 
least in part, by the gain in simplicity. 

The spectrophotometric data for commercial sugar 
solutions has a relatively simple character and can be ) 
represented by a simple algebraic relationship in the 
visible spectrum. A color chart is presented from | 
which the AF. yags value of a color can be read direct) 
from a knowledge of the attenuation at 420 and 
560 mu. 

It has been shown that color on this seale is ay 
additive property and, therefore, it can be used to 
express percentage changes in the removal of visual 
color effected by various refining steps. There is a 
good possibility that the useful limit on the magni- 
tude of the color value can be increased beyond 4() 
In this case, the scale would then serve as a suitable 
means to measure the color of very dark products. 

It must be noted that AEwns was calculated from 
the transmitted light only. Therefore, caution must 
be used in visual comparisons to take into account 
the light reflected from container walls. The NBS 
unit fulfills the need for a primary color standard in 
the sugar industry, although secondary standards 
such as suitable glasses, will also be found useful. 


7. References 


[1] R. S. MeCulloh, Senate Document 209, vol. 3. 2d session 
of the 20th Congress (1846-47). 


[2] M. Payen, Mémoire sur le charbon animal, J. pharm, ac- 
cessoires 8, 278-03 (1822). 

[3] F. W. Zerban, The color problem in sucrose manufacture 
Technol. Rept. Ser. 2, Sugar Research Foundation 
Aug. 1947). 

f4] T. R. Gillett, Color and colored nonsugars, p. 214-90 
Principles of sugar technology, edited by Pieter Honig 
Elsevier Publishing Co., New York, N. Y., 1953), 

[5] F. W. Zerban, L. Sattler, and J. Martin, Spectrophoto- 
metric studies on refined sugars in solution, Anal 
Chem, 23, 308-13 (1951). 

16] k. W . Zerban, P i Martin, and C kerb, Spectrophotom tr 
studies on raw cane sugars in solution, Anal, Chem, 24, | 
168-70 (1952). 

[7] R. W. Liggett and Victor R. Deitz, Color and turbidity 
of sugar products, Advances in Carbohydrate Chem 
9, figure 9, p. 266 (1954). 

iS] D. B. Judd, Colorimetry, NBS Circ. 478 (1950). 

{9} D. B. Judd, Color in business, science, and industry 
John Wiley X«& Sons, Ine.. New York. N. Yy . 1952 

[10] D. Nickerson, Tables for use in computing small color 
differences, Am. Dvyestuff Reptr. 39, 541 (1950). } 

[11] T. R. Gillett and W. D. Heath. Recent developments in 
white sugar colorimetryv, Anal. Chem, 26, 1780-84 

1954). 

[12] V. R. Deitz, N. L. Pennington, and H,. L Hoffman, Jr., 
Transmittaney of commercial sugar liquors: depend- 
ence on concentration of total solids, J. Research NBS 
49, 365-69 (1952) RP2373. . 

[13] H. H. Peters and F. P. Phelps, A technical method of 


using the mercury are to obtain data at wave length} 
560 my in the spectrophotometric analvsis of sugar 


products, BS J. Research 2, 335-42 1928) RP3S8. 


WASHINGTON, March 30, 1956. 


170 


Jourt 


D 
tion 
riva 
the 
for 
svsti 
figui 
suits 
tech 
prin 
it ¢i 
carb 

T 
out] 
serte 
prov 
shov 
copy 
Rea 
stan 
grou 
has 
gluc 
ring 
glye 
num 
have 
has 
by j 
tech 
ally 
selec 
gene 
in th 


The 
Re ear 
ind rin 
neasur 
deen us 


lhe sp 





hates 
com- 
d, at 


Sugar 
abn) be 
n the 
from 
‘ectly 
Y and 


is al 
ed to 
yisual 
1s a 
agni- 
d 40 
table 
‘ts. 

from 
must 
‘ount 
NBS 
rd in 
ards 


icture 
dation 


14-9 
Honig 
3). 
photo- 
Anal 


metric 
m, 24, 


‘bidity 
Chem 


dustry 
52 
color 


‘nts im 
"SO-S4 


n, Jr., 
»pend- 
1 NBS 


hod of 
length 
sugar 
Ss. 


| 


} 


' 


' 


lournal of Research of the National Bureau of Standards 


iC 


Vol. 57, No. 3, September 1956 Research Paper 2707 


System for Classification of Structurally Related 
Carbohydrates’ 
Horace S. Isbell 


\ system is presented for the classification 
carbohydrates 
configuration. By inspection of the code numl 
of structurally related carbohydrate derivatives 
collection. 


of structurally and configurationally related 


Each substance is assigned a code number that defines the structure and 


ers, or by a punched-card technique, groups 
can be selected readily from a heterogeneous 


The structures, configurations, and conformations of pyranose and furanose 


derivatives are discussed, and classifications are made on the basis of a few fundamental 


structures, 


Certain ambiguous and objectionable features in the classification of pyranose ring 


conformations in the Cl and IC categories of 


Reeves are pointed out. In this paper, Cl 


denotes the chair conformation in both the pv and the i aldohexose segies in which the reference 


group attached to carbon 5 of the ring is in the equatorial position. 


the chair conformation in both series in which 
the ring is in the axial position. 

tagatose like mannose: arabinose 
talose. Because the designations 
neous Classification of enantiomorphs in differe 


1. Introduction 


During the past several years the infrared absorp- 
tion spectra of a large group of carbohydrate de- 
rivatives have been measured at the Bureau with 
the object of providing reference spectra and data 
for structurally related materials. A classification 
system was devised to show the structure and con- 
figuration of the compounds by means of numbers 
suitable for coding and separating by punched-card 
techniques. Although the system was developed 
primarily for comparing infrared absorption spectra, 
it can be used for classifying structurally related 
carbohydrates for any purpose. 

The code numbers are assigned by means of a key 
outlined in tables 1 and 2. A decimal point is in- 
serted after the second digit to separate figures that 
provide broad generic classification from those that 
show definite structure: For example, a-p-glu- 
copyranose is given the code number 10.2110. 
Reading from left to right, 1 shows that the sub- 
stance is a monosaccharide; 0, that the hydroxyl 
groups are predominantly unsubstituted; 2, that it 
has a primary 6-carbon structure; 1, that it has the 
glucose configuration; 1, that it has a C1 pyranose 
ring with an axial glycosidic group, and 0 that the 
glycosidic hydroxyl is not substituted. The code 
numbers for all a-p-glucopyranose structures will 
have the .211 sequence. Each structural grouping 
has a characteristic sequence of numbers. Hence 
by inspection of the numbers, or by punched-card 
technique, groups of structurally and configuration- 
ally related carbohydrate derivatives can be readily 
selected. The classifications are not intended for 
general nomenclature and no changes are proposed 
in the rules for naming carbohydrates. In subse- 

The work reported in this publi m Was sponsored by the Office of Naval 


Researc has part of a program on the investigation of the structure, conficuration, 
ind ring conformation of the sugars and their derivatives by infrared absorption 


Is 


leasurements NRO 54208 The classification system presented here has 
veen used to classify the infrared spectra of about 200 carbohvdrate derivatives 
the spectra and reference numbers will ippear in forthcoming publications 
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Similarly, C2 denotes 
the reference group attached to carbon 5 of 


Xvlose and sorbose are classified like glucose; lyxose and 
and fructose 
are independent of the b or L series, they avoid the erro- 


like galactose; and ribose and psicose like 


nt conformations. 


quent paragraphs the structural elements involved 
in classification will be considered in order, and 
directions will be given for assigning code numbers. 


2. Components of the Code Number 
2.1. Type of Carbohydrate 


The first digit in the code number divides the 
carbohydrates into groups of increasing complexity: 
1 signifies a monosaccharide; 2, a disaccharide; 3, an 
oligosaccharide ; 4, a polysaccharide composed of one 
tvpe of unit; and 5, a polysaccharide composed of a 
variety of units. Substances in types 1 to 4 are 
given definitive code numbers but no attempt is 
made to classify substances in 5, beyond coding the 
structural units present. 


2.2. Major Substituent 


The second digit is assigned to show substitution 
on the polyol structure. When half or more of the 
hydroxyls are free, the classification number is 0; 
when more than half of the hydroxyls are substituted 
the number corresponds to the substituent present in 
predominating amount. If two classifications are 
possible, the one with the lower number is used. 


2.3. Carbon Skeleton 


The first digit to the right of the decimal point 
defines the skeleton of the fundamental carbon chain. 
Alcohols, aldoses, aldonic acids, uronic acids, ete., are 
classified as primary; ketoses and related compounds 
as secondary. Cyelitols and higher sugars are in- 
cluded in a miscellaneous group, 9. The aldo- 
heptoses are placed in two groups designated as 7a 
and 7b. Substances in the 7a group have like con- 
figurations for the two configurational units given in 
the conventional ACS name [1]; ? those in the 7b 


Figures in brackets indicate the literature references at the end of this paper. 





TABLE |. Classification key for code numbers 











tion 
accol 
Code 1. Type of carbohydrat » Major substituent 3. Carbon skeleton 4. Configuration Characteristic unit | 6. Substituent on main the ¢ 
functional group « 
} ning. 
0 Not substituted 5 primary Racemic Anomeric mixture Not substituted and 
I M onosaccharide Methylated 5 primary aluco a-Pyranose C1 deriv 
2 Disaccharide Acetylated 6 primary manno e-Pyranose C1 , 
3 Oligosaccharide Nitrated 7a primary galacto a-Pyranose C2 
‘ Polysaccharide 7b primary talo e-Pyranose C 2 See table for list 
(simple substituents 
Polysaccharide secondary ido Other pyranose _ 
(complex | I | 
‘ secondary qulo Furanose 
7 6 secondary altro Glycitol to th 
‘ 7 secondary allo Aldehydo or keto ce the ( 
itive 
4 Miscellaneous Miscellaneous Miscellaneous Miscellaneous Acid derivative the £ 
10 e 
» Asterisk is used to indicate linkage in higher saccharides this 
table 
TABI E 2 Vu mbers for substituent grou ps and auxiliar y Structures the I 
the 
num! 
Code Substituent group Code Substituent group C oe Substituent group Cock Auxiliary structure 
colle 
i) Nome rl 
10 OH eroun 30 Miscellaneous ester “0 Nitrogen derivatives 70 Carboxylic wid are 1 
11 O-Methy! 31 Phosphat 51 Amino 71 Carboxylic ester 
12 0-Ethyl $2 Nitrate 2 Acetamido 72 Carboxylic y-lactone meth 
13 0-C yclohexy! 33 Sulfate 3 N-Glycosyl 73 Carboxylic 6-lactone tures 
4 0-Benzy) $4 0-Tosy! ce Phenylhydrazine deriva 74 Carboxylic amide l , 
tive rive 
15 0-Pheny! 35 O-Mesy] Oxim 7 Carboxylic salt ‘t] 
1 O-Trityl 36 i 76 Oxo derivative with 
17 Hemiacetal 37 7 ri i seen 
1S Aldehydrol $s 5s 7s 
4 3u 4 7u 
v1) Carboxylic ester 4) Linkages ott Oor N “0 Cyclic derivatives st) Deoxy 
21 O0-Acetyl 41 Fluorice 61 isopropy lidens sl Deox vamino 
22 O-Benzovl 42 Chloride 62 Benz ylidene s2 Deox vacetamido 
23 43 Bromice 63 1- Methoxyethylidene 
a4 44 Lodick tH 1-Methoxybenzy lider 
y 5 Mere iptal iy Ethylene oxide : 
oO; 4 titi Butylene oxide \ 
27 17 67 Amylene oxic “7 Organic solvent of erystalliza- \ 
tion 
2s 1s Hs Hexvlene oxic US Salt of ervstallization a 
Pel) 14 “yu uu W ater of ervstallization N 
a- 
D- 
group have unlike configurations. Thus a_ pb- TABLE 3. Classification of configuration > 
i D. 
glycero—v-gluco-aldoheptose or an .L-glycero-L-gluco- , 
aldoheptose is classified 7a, whereas a_p-g/ycero-L- a bitatet Aldopent —_— Related 3- 
Gf Idotetrose dopentose etohexose een 
gluco-aldoheptose or an L-glycero-p-gluco-aldoheptose : 
is classified 7b. Phe first pair of compounds as ¥ lconftguration|| 3 |Configuration|| = |Configuration|| S |Configwatie 
well as the second pair are enantiomorphic, and for - < - : , oT 
evaluation of infrared absorption, do not require 2) Threos 1 | Xylos 1 Sorbos 1 Glucose | 
, ervthr ) yxose ) watose 2 Ost CO 
separate code numbers. 2 | Erythros 2) Lyx 2 | Tee ,| Mann ee 
$= Arabinose Fructose § Gratactose for ¢ 
$ Ribose $  Psicose t Talos : 
5 Idose are | 
e . Crtlose 
2.4. Configuration >| ee 
s A llose 3 
The second digit to the right of the decimal signi- 
fies the configuration of the main structural unit. 25. Struct ) Su 
2 06 ARI 8a .S. Structure : 
Configurations listed in table 1 are assigned numbers direc 
| to 8 according to the scheme outlined in table 3. The digit third to the right of the decimal repre- . on tl 
No distinction is made between p and L modifica- sents the characteristic structure of the substance. and 
tions because enantiomorphic substances give like | Products containing anomeric forms in equilibrium, | the 
absorption. Racemic substances are grouped under | as, for example, amorphous sugars and materials not | suffic 
0, and compounds not covered elsewhere are classified subject to specific classification, are represented by | subst 
under q. Because the pentoses and ketohexoses (): pyranose and furanose structures by | to 6: } Is } 
have one less asymmetric carbon than the aldo- | glycitols by 7; open-chain aldehyde and ketone | show 
hexoses, each can be considered to be related to two | derivatives by 8; and aldonie acids by 9 regardless of } prim 
aldohexoses that differ in the configuration of the | whether thev are present as the acid, salt, ester, | bers, 
terminal asymmetric carbon. On the basis of sim- amide, or lactone. Assignment of code numbers for In 
larity In properties, the pentoses and ketohexoses | the pyranose and furanose derivatives requires | lmsa 
are classified under configurations | to 4 rather than review of some problems of nomenclature and ideas | D 
5 to 8 [3}. of configurationally related carbohydrates (see see- | 4," 
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Briefly, however, pyranoses are classified 


tion 4). - 
according to ring conformation and the position of 


the glycosidic group with respect to the plane of the 
Pyranoses a and e have, respectively, axial 





ring. ot 
S iol equatorial glycosidic groups.* 
derivatives are represented by 6. 
) 


furanose 


All 


2.6. Main Functional Group 


The figures occupying the fourth and fifth positions 
to the right of the decimal in the code number show 
} the character of the main functional group, usually 
the glycosidic group. Because there are more than 
i? common substituents, two spaces are allowed for 
this structural feature. The numbers given in 
table 2 are used to describe substitution not only of 
the main functional group, but also of other parts of 
the molecule, as described in section The 
numbering system can be readjusted to fit any 
collection of carbohydrate derivatives. 

The numbers representing the substituent groups 
are used with structures of diverse type. Thus a 
methyl group when used in conjunction with strue- 
tures 1 to 6 (column 5 of table 1) represents a 

7, an ether; with 8, an acetal; and 


glycoside; with 7, 
with 9, an ester. Application of the system can be 


9 
». 


' seen from the examples that follow: 


k;xamples Code 
Methyl a-p-xvlopyranoside 10. P1111 
Methyl a-p-glucopyranoside 10. 21111 
a-p-Glucopyranose l-acetate 10. 21121 


10. 21911 
10. 22151 
10. 22854 
10, 22954 
10. 22966 
10. 27268 


Methyl p-gluconate 

a-p- Mannopy ranosvlamine 

p- Mannose phenylhyvdrazone 

p- Mannonie phenylhydrazide 

p-Mannonie y-lactone 

1,6-Anhydro-s-p-altropyranose 

3-p- Mannopyranose 1,2-(methy! 
acetate 


ortho- 


10. 22263 


The numbers selected by the described methods 
constitute the primary code number and are sufficient 
for classifving simple substances. Various schemes 
are used for more complicated substances. 


3. Representation of Complex Structures 


Substitution on the main functional group is shown 
directly in the primary code number. Substitution 
on the carbon chain is indicated by the class number 
and shown more specifically by numbers following 
the primary code number. The class number 
suffices to show complete substitution by a single 
substituent. Thus 2,3,4,6-tetra-O-acetyl-a-p-glucose 
8 12.2110. A partially substituted structure i 
shown by a group of numbers to the right of the 
primary code number. The first numbez, or num- 
bers, given in parentheses, show the position of 


—_—_——————_______. 


Is 


In accord with the suggestion of Barton, Hassel, Pitzer, and Prelog [2], the 
terms axial and equatorial, abbreviated by a and e respectively, ire used to denote 
the plane of the ring Bonds connecting axial 
plane of the ring; those connecting equato- 
mall angle above or below the plane of the 


positions of groups with respect to 
froups are perpendicular to the mean 
nal groups are directed outward at 


substituents. 





numbers corresponding to the units present. 
glycosidic linkage is shown by an asterisk at the right 
of the code number for each unit. 
the structure defined by the preceding number is 
joined in glycosidic linkage to another carbohydrate 


number 
oligosaccharides used here are obtained by ACS 
nomenclature 
tvping, hyphens are used in the code number instead 
of the arrows used in the names, 


substitution, the next number defines the substituent. 
Several substituents can be listed consecutively. 


Examples Code 


12.2110 
10.2110(3) 11 
12.2110(6) 10 


2,3,4,6-Tetra-O-acet yl-a-p-glucose 
3-O-Methyl-a-p-glucopyranose_ 

» 
> 


2,3,4-Tri-O-acetyl-a-p-glucose 
2,3-Isopropylidene-3-b-lyxopyran- 
ose 10.1220(2,3)61 
Methyl 8-p-galactopyranoside 6- 

nitrate . 
2-0-Methyl-6-0-trit yla-p- 
glucopyranose 


10.23211(6)32 
10.2110(2) 11(6) 16 
Auxiliary or additional structures are treated like 


The main functional group is con- 
sidered first, and the second (auxiliary structure) is 


shown by suitable numbers following its position in 


parentheses. 


Examples Code 


10.2190(2)76 
10.2160(6)72 
10.2110(6)75 
10,.21111(6)71 
10.2110(2)81 
10.2210(6)80 


2-Oxo-p-gluconic acid 
a-b-Glucofuranurono-y-lactone 
Salt of a-p-glucopyranuronie acid 
ister of methyl a-p-glucopyranuronide_ 
2- Deoxy-2-amino-a-p-glucopyranose 
6- Deoxy-L-mannopyranose 

| 
in the main functional and 


Structures group 


similar structures in auxiliary groups do not always 


have the same number. Thus, the gamma lactone 


of an aldonic acid is represented by .- - - 66, whereas 
a 


amma lactone present as an auxiliary group is 
indicated by 72 following the location given in 
parentheses. The first number, 66, shows the 


presence of the butylene oxide ring in a structure 


or 
= 


already defined, whereas 72 following the parentheses 


represents a complete lactone structure. Ordinarily, 


anhydrides involving the glycosidic carbon do- not 


require numbers defining the point of substitution; 
thus 6-p-glucopyvranose 1,6-anhydride is 10.21268, 
in which 68 shows the presence of a hexylene oxide 
ring involving the main functional group. 
p-Fructofuranose-1,2-anhydride 10.736(1,2)65, how- 


ever, requires the numbers in parentheses, to locate 


the oxide ring on the carbon skeleton. In any case 


of ambiguity, positions of substitution should be 
given. 


Oligosaccharides are represented by a series of 


The 


This shows that 


The parentheses are followed by the code 
for the next unit. The names for the 


unit. 


35 fl]. For convenience in 


rule 
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Some examples are 
a-Cellortiose: 
B-p-Glucopyranosyl-(1—>4 )-8-p-glucopyranosy I- 
(1. +4)-a-p-glucopvranose is 30.212*(1-4).212* (1- 
4).2110. 
a-Maltotriose: 


a-p-Glucopyranosyl-(1—>4)-a-p-glucopyranosyl- 


(1->4)-a-p-glucopyranose is 30.211*(1-4).211*(1- 
4).2110. 
Raffinose: 
a-p-Galactopyranosyl-(1—>6)-a-p-glucopyrano- 
svl-(1->2)-8-p-fructofuranoside is  30.231* (1-6) 


.211*(1-2).736*. 
Sucrose: 
a-p-Glucopyranosyl-(1—>2)-8-p-fructofurano- 
side is 20.211*(1-2).736*. 
Lactose: 
8-p-Galactopyranosyl-( 1 


4 )-a-p-glucopyranose 
is 20.232*(1-4).2110. 


A branched structure is represented by use of 
braces. For example, a-p-glucopyranosyl-(1—>4)- 


[a-p-galactopyranosyl-(1—>6)]-a-D-mannopyranose is 


50.211 *( 1g) P2210. 


.231*(1-6) 

Polysaccharides composed of one type of strue- 
tural unit are represented by 4 in the first digit of 
the code number and a sequence of numbers showing 
the skeleton, configuration, and structure of the 
monosaccharide unit, followed by numbers showing 
the position, or positions of the glycosidic linkages. 
For example: 

amvlose is 40.211*(1-4), 
amylopectin is 40.211*(1-4)*(1-6), 
dextran is 40.211*(1-6)*(1-3)*(1-4 


The numbers in parentheses for dextran show the 
presence of glycosidic linkages at carbons 6, 3, and 
4. The polymeric character of the substance is 
indicated by 4 at the left of the code number. 

Hetero-polysaccharides are classified according to 
the various structures present. Thus a_polysac- 
charide composed of a-p-galactopyranose units, 
8-D-mannopyranose units, and 8-L-arabinofuranose 
units 50.251*.222*.136*. The examples cover 
only a few of the many substances that can be classi- 
fied; others will be given in future publications. 


Is 


4. Discussion of Configuration and Con- 
formation 


4.1. Classification of Anomers 


According to present nomenclature, when an 
anomeric pair of sugars or sugar derivatives belongs 
in the p configurational series, the more dextrorota- 
tory member ts called alpha, and the less dextrorota- 
tory, beta. If the substances belong in the 1 series, 
* the more levrorotatory member is called alpha. 
Assignment of the substance to the p or L 


series 
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depends on the configuration of the bighest numbered | 
carbon in the configurational unit. This carboy 

is number 4 in the pentose series and number 5 jp 

the hexose series. Basing the alpha and beta namps 

on different reference carbons results in a lack of! 
correlation between the alpha or beta name and th, 

structure of the anomeric carbon, especially for the 
pentoses, ketohexoses, and furanoses [3, 4, 5}. A 

change in the names ordinarily used for these syb.| 
stances is not desirable but for correlation of strue. | 
turally related compounds a more fundamental 

relationship must be used. The stereomeric prob. | 
lems for furanose and pyranose derivatives are 

different; hence classification of the two structures ’ 
will be treated separately. 


4.2. Classification of Furanose Structures 


The dimensions and normal bond angles of the 
atoms comprising the furanose ring are such that 9 
planar ring can be formed with little strain. 
though very little is known concerning the conforma- 
tion of furanose rings, intramolecular, and crystal- 
line forces can cause distortion. Thus X-ray studies 
have shown that the furanose ring in crystalline 
sucrose is nonplanar [6]. There are few furanose 


Al- } 


structures available for study and no means for pre- 


dieting probable conformation. Hence for the pres- 
ent it seems desirable to consider the ring as sub- 
stantially planar, with considerable flexibility. With 
a planar furanose ring the different configurations for 
carbons | to 4 give 16 isomers, 8 in the D series, and 
their 8 enantiomorphs in the x series. The 8 repre- | 
sentatives of either series consist of two modifica- 
tions of each of 4 fundamental ring structures, that 
have, respectively, the rylo, arabo, lyro, and ribo 
configurations. The two modifications of each of 
these, differing in the configuration of carbon-l, 
can be classified as ¢ and t on the basis of a eis or 
trans configuration for the glycosidic group and the 
hydroxyl on the adjacent ring carbon. This pro- 
cedure Is applicable to all furanose derivatives and 
avoids the complications that arise in classification 
by conventional nomenclature. 


Table 4 shows that structurally related tetroses, , 
pentoses, hexoses, and higher sugars differ merely | 


with respect to R, the substituent group = at- 
tached to carbon 4 of the ring. In_ the hexo- 
furanoses, which have 5 asymmetric carbons, 


the different configurations of carbon 5 give rise 
to two isomers for each of the e¢ and t modifica- 
tions of the four fundamental ring configurations. 
To emphasize configurational relationships the hexo- 
furanoses in table 4 have been given systematic 
names based on the configuration of the groups 
comprising the ring structure, in addition to the 
conventional names. The systematic names are 
presented to aid in the correlation of related struc- 


tures and are not proposed as alternate names for } 


the substances. The ketofuranohexoses differ from 
the aldofuranopentoses in that the former have a 
CH,OH group in place of the hydrogen of carbon-l 
of the latter. Like the aldofuranopentoses, the 
ketofuranohexoses can be classified as ¢ or t accord- 
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TABLE 4 


0 


R R 


™ ~ 
/ / 
/ 


anose structures 
R ° R © 
c c | i 
t t c 


Code . 265 af 4 
Aldoses 
R=H rhreofuranose Erythrofuranose 
R=CH,OH »-X vlofuranose p- Lyxofuranose p-Arabinofuranose p- Ribofuranose. 
iH | 
| 
R=C H,OH-¢ »-Glucofuranose (b-olycero b-Mannofuranose (D-glycero p-Altrofuranose (D-glycero- | D-Allofuranose (D-glycero-b-ribo- | 
rylo-aldohexofuranose p-/yro-aldohexofuranose b-arabo-aldohexofuranose ) aldohexofuranose). 
OH 
OH L.-Idofuranose L-glycero-p-rylo L-Giulofuranose L-glycero L-Galactofuranose L-glycero-p- | L-Talofuranose (L-glycero-p-ribo- 
ildohexofuranose »-lyro-aldohexofuranose araho-aldohexofuranose aldohexofuranose ) 
R=C H,OH-¢ 
H 
Ketoses (C H2OH on carbon on right of formula 
R=H X vilulofuranose L- Ribulofuranose p-X ylulofuranose p- Ribulofuranose 
R=C HLOH b-Sorbofuranose »- Tagatofuranosec b- Fructofuranose bD- Psicose 
All of the compounds exist in enantiomorphic forms, one member of which is represented here 


p-threofuranose, is classified with L-threofuranose under code 


p-erythrofuranose, is 


The product, 
The product 


ing to a cis or a trans relationship of the glycosidic 
group with respect to the hydroxyl of the adjacent 
ring carbon. There are few furanose derivatives, 
and hence for the present separate code numbers 
are not given to the ¢ and t modifications. Classi- 
fication of all furanose derivatives in only four groups 
makes comparisons with relatively few 
compounds. 


possible 


4.3. Conformation and Classification of Pyranose 
Structures 

X-ray investigations and other evidence indicate 
that the atoms forming the pyranose ring do not lie 
ina single plane and that the rings can assume 
several shapes or conformations [7]. It was found 
in 1937 that if the pyranose sugars are divided into 
two groups, alpha when carbon 1 and carbon 5 have 
like configurations and beta when they have unlike 
configurations, then on bromine oxidation there is 
marked similarity in the behavior of the alpha 
sugars on the one hand and of the beta sugars on 
the other. This shows that there is an important 
structural difference in the alpha and beta modifica- 
tions. The difference was ascribed to the existence 
of a strainless ring structure in which the alpha and 
beta positions are not symmetrically located with 
respect to the carbon-oxygen ring. Several strainless 
ring forms (or conformations) seemed possible [3]. 
But at the time this work was done there was no 
satisfactory method for deciding which structure 
was actually present. Subsequent work by Hassel 


lassified with L-erythrofuranose under code 


16 
26 


and Ottar [9], Reeves [10], and others [11] has 
shown that the pyranose ring invariably assumes 
one of two chair conformations, given in figure 1, 
unless the ring is altered by bridging to a boat form. 


Reeves [10] has given these two forms the designa- 
tions Cl and 1C respectively. Thus ‘the Sachse 
strainless ring chair form in which the sixth carbon 
atom and the ring oxygen project on the same side 
of the plane formed by carbon atoms 1,2,4, and 5 is 
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FIGURE | Conformations of the pyranose ring. 


Positions marked or — show, respectively, the location of the reference 
group for a D or an L configuration of the individual carbon. A reference group is 
defined as any group other than hydrogen. For the historical development of 
the designation of configuration, see the excellent review by C. 8. Hudson [8]. 
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designated Cl, and its mirror image 1C.”’ This 
definition is ambiguous, inasmuch as the mirror 
image of a whole molecule in the conformation 
likewise meets Reeves’ criterion for a Cl conforma- 
tion. Unfortunately, “mirror image’ was used in 
the definition in the sense of the ring skeleton only, 
but was then applied to the whole molecule. This 
led to a different classification for the p and 1 forms 
of derivatives of galactose and of arabinose. To 
avoid the term ‘“‘mirror image’’ in its special sense, 
C1 is used in the present classification to represent 
the conformation of the pyranose ring in which 
earbon 6 is in an equatorial position, and C2 is 
used to represent the conformation in which carbon 
6 is in an axial position. With this classification, 
the mirror image of p-galactopyranose C1 is L-galac- 
topyranose (1 and the “inverted” conformation of 
the ring for either enantiomorph is designated by C2. 
The two conformations differ in that the groups 
in axial positions of one are in equatorial positions 
of the other, and the reverse. 

Figure 2 shows the Cl structures for the aldo- 
hexopyranoses of the p-configurational series.‘ Table 
5 lists the reference groups attached to the rmg ac- 
cording to whether they are im axial equatorial 
positions. On the left side of the table, the C1 
conformations are listed with their code numbers. 
Opposite each of the C1 conformations is a C2 con- 
formation with the same arrangement of reference 
groups, except for the one attached to carbon 5. 
The arrangement of the reference groups common to 
both substances is given in the center of the table. 
For example, either a-p-glucopy ranose Cl or a-L- 
glucopyranose C1 has the a e ee e conformation which 
is like the aeeea conformation of either 8-L- 
idopyranose C2 or 6-p-idopyranose C2 except for 
the arrangement of the groups at carbon 5. In the 
classification system code numbers .--1 and .--2 are 
given to substances with the C1 conformation having 
axial and equatorial glycosidic groups, respectively. 
Code numbers .--3 and .--4 are given to substances 
with the C2 conformation having axial and equa- 
torial glycosidic groups, respectively. Pyranose de- 
rivatives having a conformation other than the C1 or 
C2 are given the code number .--5, regardless of 
configuration at the anomeric carbon. 

Undoubtedly the conformation of the ring is not 
the same for all pyranose derivatives and in some 
cases several conformations may exist. This may 
account, as previously pointed out [3], for anoms alous 
values for the differences in molecular rotations ob- 
tained by application of Hudson’s rules of isorotation 
[12]. Some sugar derivatives exist that for stereo- 
meric reasons are limited to certain conformations. 
For example, 1,4-anhydroglucopyranose requires a 
boat-shaped ring in which carbons 1 and 4 are 
directed toward each other. However, the con- 
sistent relationship found between the rates of oxi- 


‘ The L forms are not given because thev are mirror mages and can be cor 
structed from the diagrams of figure 1 
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dation with bromine and the configuration of the 
anomeric carbon in the aldohexopyranose series is 
evidence of the prevalence of a common ring con- 
formation in at least 10 (out of a possible 16) aldo- 


| hexopyranoses studied by bromine oxidation [3, 4]. 


The relative stability of the two conformations de- 
pends on a number of factors, particularly the tend- 
ency of large groups to take an equatorial rather 
than an axial position [9, 10]. The CH,OH group 
of the aldohexopyranoses has a strong tendency to 
assume the equatorial position, and this accounts 
for the fact that most aldohexopyranoses have the 
(1 conformation. 

The pyranose forms of the pentoses and keto- 
hexoses differ from those of the aldohexoses in that 
at carbon 5 they do not have a CH.OH group and 
hence the ring-formmg carbon is nonasymmetric. 
Thus each pentose or ketohexose is structurally 
related to two aldohexoses. The relationship for 
a-D-xvlose, a typical pentose, is shown in figure 3. 
The structure for a-p-xylopyranose could be derived 
by replacing the CH,OH group of either a-p-gluco- 
pyranose or B-L-idopyranose by hydrogen. The 
conformation of a-p-xylopyranose produced by this 
hypothetical procedure would depend on the con- 
formation of the parent hexose. a-p-Glucopyranose 
C1 and 6-L-idopyranose C2 would yield a form of 
-p-xylopyranose having equatorial hydroxyls at 
arbons 2, 3, and 4, and an axial hydroxyl at carbon 

But a-p-glucopyranose C2 and £-L-idopyranose 
(1 would vield a form of a-D-xvlopy ranose having 
axial hydroxyls at carbons 2, 3, and 4, and an 
equatorial hydroxyl at carbon 1. 

Apparently the pentoses tend to assume the con- 
formation with the hydroxyl of earbon 3 in an 
equatorial rather than an axial position. In this 
connection Isbell and Frush wrote as follows in 
1940 [5]: “As may be noted from a space model, 
arbon 3 lies opposite the oxygen of the ring and its 


7 ~ 
3 + > ~ 
R 
J y \ ms 
wf H H H . 
3 pyranose 8 dopy se 
7 ~ 
R 
+ ~ 
4 F ‘ 
R 
- a > —. \ 
y OH I + H« \ 
) 
8-.-idopyranose Cz a-0-glucopyranose C2 — 
y ~ 
“4 f » * 
H 
pt 4 ~ ~e \ 
0A + HO \ 
™ VU 
2-D-xylopyranose Cl 1-0-xylopyranose C2 
Fiat RE 3 St) uelura / elated herose S and pe nloses 





attached groups appear to be in a_ particularly 
favorable position to influence the conformation of 
the ring. Perhaps this accounts for the unexpectedly 
large influence of the configuration of carbon 3 on 
the relative reactivities of the alpha and beta modi- 
fications. Another observation which may depend 
on the effect of the configuration of carbon 3, is that 
in the pentose series where the ring forming carbon 
is not asymmetric, each pentose resembles the hexose 
in which carbons 3 and 5 have opposite configura- 
tions.”” Thus xylose, lyxose, arabinose, and ribose 
derivatives resemble the corresponding derivatives 
of glucose, mannose, galactose, and talose, respec- 
tively, more closely than they resemble the deriva- 
tives of idose, gulose, altrose, and allose [3, 4, 5]. 
Hence for classification purposes the aldopentoses 
are given code numbers corresponding to those of 
the first-named group of substances. For example, 
the code number of a-p-xylopyranose (a e e e) is 
.1110, whereas, the code number for the hypothetical 
“inverted” or C2 conformation (e a a a) is .1140. 
The pyranose derivatives of the related ketohexoses, 
sorbose, tagatose, fructose, and psicose are likewise 
given code numbers corresponding to the glucose, 
mannose, galactose, and talose configurations, re- 
spectively. 

The ketoses differ from the aldoses in that the 
glycosidic carbon has a CH,OH group in place of 
the aldehydie hydrogen. The presence of this group 
greatly alters the equilibrium for the anomeric 
modifications in solution. Apparently the CH,OH 
group tends to assume an equatorial position anal- 
ogous to that taken by the CH,OH group in the Cl 
aldohexopyranoses. This accounts for the fact that 
equilibrium solutions of fructose, sorbose, tagatose, 
mannoheptulose, glucoheptulose, and other ketoses 
contain almost exclusively the pyranose modification 
having an equatorial CH,OH group at carbon 2. 

At present any attempt to assign definite con-, 
formations to all pyranose derivatives is premature. 
There is need, however, for consideration of the 
special stereomeric factors associated with the ring 
conformation most likely to be present in any sub- 
stance. This is particularly true for the evaluation 
of infrared absorption, because this property is 
extremely sensitive to the molecular structure. 
Hence some method of classification is desirable. 
A definitive classification requires that the structures 
of the compounds shall have been established un- 
equivocally. As this is not true with pyranose de- 
rivatives in general, it is necessary to make an 
arbitrary classification. By comparison of the in- 
frared spectra of substances classified in the arbitrary 
manner, exceptional properties may be discovered 
and ultimately explained in terms of conformation, 
or of molecular structures at present unknown. 
As a working hypothesis, in the absence of unequiv- 
ocal evidence to the contrary, the Cl conformation 
is assumed as a first choice and the C2 only as a 
second choice. With provisional assignments, in- 
frared absorption and other data can be examined 
for correlations based on either the Cl or the C2 
conformation. 
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